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Estimation of Aboveground Oil Palm Biomass in a Mature Plantation in the Congo Basin
Reprinted from: Forests 2020, 11, 544, doi:10.3390/f11050544 . . . . . . . . . . . . . . . . . . . . . 101
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Preface to ”Growth and Allocation of Woody Biomass

in Forest Trees Based on Environmental Conditions”

Terrestrial ecosystems and forests in particular, are important components because of their key

role in reducing atmospheric greenhouse gas concentrations by storing a large amount of carbon in

biomass and soils. Increasing attention is being paid to forestland area, which accounts for 30% of the

total land surface and acts as the main C store in the land system. In their life cycle, plants uptake,

process, allocate, and remobilize resources from the environment, including basic materials, such as

CO2, water, and nutrients, and other materials, such as sugars, proteins, and defensive chemicals.

The relative amount of above- and belowground biomass allocated among leaves, branches, stems,

roots, and reproductive tissues is a functional indicator of the forest stand and reflects the material

flow, the wood quality, a plant’s survival strategy, and the primary production processes. The way

in which plants share their labile products across their compartments is influenced by plant size and

is not fixed but likely varies over time, across growth environments, and among species. It follows

that the whole allocation process would be modulated under strong natural selection. Obtaining

a qualitative/quantitative understanding of the influence that these factors have on growth and

biomass allocation is of fundamental importance for both understanding plant ecology and evolution

and developing environmental policies and forest management practices, such as:

- sequestration to increase stocks in more recalcitrant woody carbon pools, characterized by a

slow build-up of carbon with a potentially slower release of carbon to the atmosphere;

- conservation to prevent emissions from existing forest carbon pools in regions with high C

stocks and where natural disturbances are less frequent to cause large immediate reductions in C

stocks;

- substitution of energy-intensive products with products derived from renewable resources; and

- the improvement of practices that aim to increase wood quality for social purposes.

Luigi Todaro, Angelo Rita , Alessio Collalti

Editors
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Terrestrial ecosystems, and forests in particular, are important components of land processes because
of their key role in reducing atmospheric greenhouse gas concentrations by storing a large amount of
carbon in tree biomass and soils. Increasing attention is being paid to forestland area, which accounts
for 30% of the total land surface and acts as the main C store in the Earth system. In their life cycle,
plants uptake, process, allocate (i.e., the distribution of net primary production among the different plant
organs), and remobilize the product of photosynthesis. The relative amount of above- and below-ground
biomass partitioned among leaves, branches, stems, roots, non-structural pools, and reproductive tissues
is a good indicator for forest productivity and reflects the material flow, the health, the wood quality,
and the plant’s survival strategies. How plants share their labile products across their compartments
is not fixed, rather is influenced by plant size and likely varies over time, among species and growth
environments, and is affected by natural and anthropogenic disturbances (e.g., forest management).
Accordingly, the whole allocation process would be constrained under strong natural selection. Our
understanding of the mechanisms governing these processes is, however, still patchy, with some processes
and their responses to the environmental conditions much more well understood than others. Getting
a qualitative/quantitative insight into the impact that the above-mentioned factors have on tree growth
and above- and below-ground biomass allocation is essential both for understanding plant ecology and
evolution and for developing environmental policies and forest management practices to cope with climate
change. In this regard, new insights for Amazonian forests come from the modeling work of De Faria
et al. [1], who quantified the loss in above-ground biomass and the changes in recovery time (i.e., the
time required for a forest to return to its former or usual condition following a disturbance) of forests
affected by droughts, wildfire, and their combination. Their findings provide a valuable gaze and alarming
prevision on the impacts that climate change will likely have on the Amazonian regions housing more
than half of the world’s remaining rainforests in the world. However, even European forests are likely
to face an increasing number of extreme events in the future. The work of Schäfer et al. [2] analyzed
the effect of drought and mixture of forest composition in a mature temperate forest of Norway spruce
(Picea abies (L.) Karst.) and European beech (Fagus sylvatica L.) located in southern Germany. They reported
differential allocation of tree biomass related to the drought condition period, where trees prioritized the
stem growth at the beginning of the growing season, and root growth during the remaining growing
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season. Interestingly, spruces exhibited less tree water deficit than beech trees, while mixture seems to
enhance the water supply of spruce trees, which should increase the stability of this species in a time of
climatic warming. Similarly, but in a Mediterranean context, Ogaya and Peñuelas [3] studied the growth
and the allocation in a Mediterranean holm oak (Quercus ilex L.) forest experimentally exposed to partial
rainfall exclusion during 21 consecutive years in the Prades holm oak forest, in Catalonia, NE Spain. The
authors aimed to study the effects of the expected decrease in water availability in the Mediterranean in
the following decades and found that allocation in woody structures and total above-ground biomass
were correlated with annual rainfall, whereas canopy allocation and the ratio of wood/canopy allocation
were not dependent on rainfall. Their results highlight that water deficits characterized by lower soil
moisture and higher atmospheric aridity are leading to several changes in the ecosystem functioning of
the Mediterranean forests, causing a strong decrease in the capacity of these forests to mitigate climate
change because of the high decrease in wood growth and suggesting that progressive substitution of the
species most sensitive to water scarcity by other species more adapted to drought is expected, transforming
the current Mediterranean forest. In the context of climate change, the effect of increasing temperature
on tree phenology and growth, even including biomass partitioning, is also the focus of the work of
Mura and colleagues [4]. Mura et al. analyzed, under field conditions in managed Norway spruce plots
regenerating after clearcuts in central Norway, whether the trees growing at different elevations invest
similarly in their various organs. They found that different local environmental conditions affect both
the growth rate and phenology but the biomass partitioning among different parts of the tree remains
essentially unchanged, giving support to the hypothesis that maintaining specific allometric trajectories
is fundamental for tree functioning. High temperatures in warm months were also found to be a key
environmental factor for the net primary productivity (NPP) in Pinus massoniana (Lamb.), a major planted
tree species in southern China due to its important role in the development of forestry both for economic
and ecological benefit. Huang et al. [5] established a large biomass database for P. massoniana including
stems, branches, leaves roots, above-ground organs, and entire tree, thanks to published literature, to
find out potential geographical trends in NPP for each tree compartment and their influencing factors in
carbon allocation. Huang et al. found that the NPP of tree components showed no clear relationships with
longitude and elevation, but a statistically significant inverse relationship with latitude, but with different
sensitivities to environmental conditions, mostly temperature, and stand variables. Temperature and
precipitation are also the focus for the transcontinental work of Usoltsev et al. [6] based on a database of 413
sample plots for stand biomass, ranging from France to Japan to southern China, for the genus Populus spp,
which is overall the most widely cultivated fast-growing tree species in the middle latitude plain. They
found significant changes in the structure of the forest stand biomass (stems, above- and below-ground
biomass). However, while a positive and statistically significant relationship with winter temperature
emerged for all components of the biomass, a less clear relationship with the precipitation was found.
Poplar plantations are also the focus of the work led by Zhang and colleagues [7]. The authors, based on
a field trial established in 2007 in Sihong forest farm, Jiangsu Province (China), in order to understand
the response of growth, biomass production, carbon storage, planting spacing, and their interaction, they
destructively harvested 24 sample trees for biomass measurements and stem analyses. Not surprisingly,
they found that biomass production and carbon storage for the single tree of three clones was enhanced as
planting spacing increased, with carbon concentration decreasing from stem to leaves. With these data,
Zhang et al. established a Chapman–Richards empirical model for predicting tree volume growth for
Chinese poplar clones. With the aim to quantify total tree biomass and its allocation to components in
common aspen (Populus tremula L.), at both the tree and stand levels, in the forested mountainous area in
central Slovakia, Konôpka et al. [8] measured, through destructive sampling, leaves, branches, stem, and
roots. By these measurements, the authors derived allometric biomass models with stem base diameter as
an independent variable for individual tree components. Moreover, biomass stock of the woody parts
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and foliage, as well as the leaf area index, were modeled using mean stand diameter as an independent
variable, showing that foliage contribution to total tree biomass decreased with tree size.

Ritchie et al.’s [9] work evaluate the tree growth and total above-ground productivity (even including
shrubs) of a twelve-year-old ponderosa pine (Pinus ponderosa (Lawson and C. Lawson)) plantation under
three separate treatments representing a range of management intensities in the southern Cascade Range
in northeastern California subjected to wildfire events. The authors found a significant effect of the
manual grubbing release from shrub competition on tree growth when compared with the no release
control and that the total above-ground biomass or carbon was only marginally influenced because shrub
biomass dominated both sets of plots in this young plantation. Their results show that a broader tradeoff
for controlling competing shrubs between using herbicides and grubbing or other means should be
evaluated if biomass production or carbon sequestration is one of the goals of prevention or for a post-fire
reforestation program.

A novel approach, aiming at comparing structural carbon allocation to tree growth and to the climate
in a dendrochronological analysis, is presented in Ivanusic et al. [10] for hybrid white spruce (Picea glauca
(Moench) × engelmannii (Parry)) grown in British Columbia, Canada. With this new approach, the authors
found significant differences between the percent structural carbon of wood in individual natural and
planted stands. Some significant relationships were found between percent carbon, ring widths, early
wood, late wood, and the cell wall thickness and density values. Carbon accumulation in planted stands
and natural stands was found in some cases to correlate with increasing temperatures where warmer
late-season conditions appear to enhance growth and carbon accumulation in these sites.

The below-ground biomass, especially fine roots, and the relationship with forest structure in a mature
European beech forest in central Italy is the core of the analyses presented by D’Andrea et al. [11]. The
authors investigated the spatial variability of fine root production, soil CO2 efflux, forest structural traits,
and their reciprocal interactions and found, unexpectedly, that, in the year of study (2007–2008), fine root
production resulted in the main component of NPP explaining about 70% of the spatial variability of soil
respiration. The authors also found that fine root production was strictly driven by leaf area index and soil
water content, suggesting close interactions between forest structure and functional forest characteristics
to optimize carbon source–sink relationships.

Migolet and colleagues [12] implemented local and regional methods for estimating palm biomass
in a mature plantation, using destructive sampling in the Congo Basin (West Equatorial Africa). Using
data from eighteen 35-year-old oil palms in a plantation located in Makouké, central Gabon, they derived
allometric equations for estimating stem, leaf, and total above-ground biomass. With a comparison with
existing allometric models for oil palms generated elsewhere, the authors showed that their site-level
model was a better predictor.

The current Special Issue groups a selection of works representing the most recent advances and
insights linking growth and carbon allocation with, among others, environmental forcing, forest structure,
and potential wood supply, including soil characteristics. We hope that new further research and scientific
questions may come about in the near future by reading this collection of papers. We would like to thank
the authors for their invaluable efforts and also the reviewers and the editorial board who helped us in
significantly improving the quality of each of the published papers.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In recent decades, droughts, deforestation and wildfires have become recurring phenomena
that have heavily affected both human activities and natural ecosystems in Amazonia. The time needed
for an ecosystem to recover from carbon losses is a crucial metric to evaluate disturbance impacts on
forests. However, little is known about the impacts of these disturbances, alone and synergistically,
on forest recovery time and the resulting spatiotemporal patterns at the regional scale. In this study,
we combined the 3-PG forest growth model, remote sensing and field derived equations, to map the
Amazonia-wide (3 km of spatial resolution) impact and recovery time of aboveground biomass (AGB)
after drought, fire and a combination of logging and fire. Our results indicate that AGB decreases by 4%,
19% and 46% in forests affected by drought, fire and logging + fire, respectively, with an average AGB
recovery time of 27 years for drought, 44 years for burned and 63 years for logged + burned areas and
with maximum values reaching 184 years in areas of high fire intensity. Our findings provide two major
insights in the spatial and temporal patterns of drought and wildfire in the Amazon: (1) the recovery time
of the forests takes longer in the southeastern part of the basin, and, (2) as droughts and wildfires become
more frequent—since the intervals between the disturbances are getting shorter than the rate of forest
regeneration—the long lasting damage they cause potentially results in a permanent and increasing
carbon losses from these fragile ecosystems.

Keywords: Amazon; recovery time; aboveground biomass; climate change; 3-PG; fire; logging

1. Introduction

Natural disturbances have a key role in forest ecosystem dynamics [1], yet global changes in climate
and land-uses have intensified disturbances rates in several biomes with important consequences on

Forests 2021, 12, 8; doi:10.3390/f12010008 www.mdpi.com/journal/forests
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the ecosystems resilience [2]. Events like droughts and wildfires are becoming widespread phenomena
in vast areas of the globe, potentially affecting the ecosystem services they provide [3,4] even in humid
biomes with high rainfall rates, such as Amazonia [5–7]. Housing more than half of the world’s remaining
rainforest areas, Amazonian forests account for considerable carbon storage in living biomass and soils,
estimated at around 150–200 Pg [8,9]. In addition, the region represents one of the most important
biodiversity hotspots of the planet [10,11]. Amazonian forests are under considerable pressure due to the
increased frequency and intensity of disturbances in moist tropical regions [12]. Forest fires and large-scale
drought events are both directly dependent on climate [13] and their effects are expected to become more
severe with climate change effects (i.e., mostly warming and reduction in precipitation). In combination
with human activities, such as selective logging and other land-use changes, increasing fire and drought
severity are expected to cause significant forest losses [14].

The Amazon Basin’s historical baseline of disturbances has been heavily altered in the last 20 years as
a result of anthropogenic activities, increasing the rates of deforestation, drought and wildfire and their
impacts [15]. In the early 2000s, logging activities affected ca. 10,000–20,000 km2 year−1 of tropical forests
in the Brazilian Amazon and it is estimated that understory fires destroyed ca. 85,000 km2 of standing
forests in the period 1999–2010 [16,17]. Moreover, recent studies have shown that Amazonian forests
are becoming more exposed to droughts [18,19], including extreme drought events that would not be
expected to take place more than once in a century (e.g., the three devastating droughts of 2005, 2010 and
2016; [20,21]). Altogether, droughts, wildfires and logging activities increase the susceptibility of forests to
successive burning by increasing ignition rates, wind speed, creating drier microclimatic conditions near
the soil surface and promoting exotic grass invasion. The effect of fire in forest ecosystems contrasts with
that observed at larger spatial scales (i.e., global scale) and in fire-prone regions in which anthropogenic
influences often reduce fire spread [22]. Therefore, the increasing risk of wildfires is an additional driver of
change in the Amazon region [23].

Forest degradation due to more frequent and intense disturbances in the Amazon [24,25] results in
long-term reduction in carbon stocks [26] with potential release of the C stored in Amazonian forests. The
degree of degradation of the forest C stocks depends on four major factors: (1) the type of disturbance (e.g.,
logging, droughts and wildfires); (2) intensity (i.e., percentage of C loss); (3) the time return interval (i.e., years
from one event to the next one) [25,27,28]; and (4) disturbance synergisms (i.e., the interacting effects between
disturbances).

Several studies have analyzed forest recovery after disturbances at either broad or at multiple scales
disturbances [29,30], but few of them have been conducted in tropical forests and specifically in the Amazon
Basin. When conducted, these studies are usually limited in temporal scale (usually <20 years) [25,31,32]
and focus on the effects of a single disturbance and in relatively small areas [33–35]. There is a lack of
studies looking at recovery beyond 30–40 years. As a result, we still have a limited understanding on
forest aboveground biomass (AGB) resilience to disturbance in Amazonian forests (i.e., how much time
does it take for the forest to return to its pre-disturbance status), especially at the regional scale and taking
interacting effects of multiple disturbance into consideration.

One straightforward way of addressing the consequences of disturbance in forest AGB is by
integrating geospatial techniques with remote sensing and process-based forest growth models [36,37].
Specifically, remote sensing and GIS technologies allow the assessment of forest AGB at broad scales [38]
whereas process-based forest growth models can provide insights on the mechanisms and processes
involved in forest recovery and their relationship with spatiotemporal climate (including human)-induced
scenarios. Models can help in assessing the recovery time of vegetation using climatic variables to predict
vegetation productivity and its spatial variability [38]. At a regional scale, net primary productivity (NPP)
is often used as an indicator of inherent plant growth potential [39]. Several studies have indeed assumed
a strong relationship between productivity and biomass [40] with the first one being a function of the
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second. Indeed, the targeted parameter AGB is also influenced by climate, water availability and soil
fertility [39–41]. In this study, we assessed the recovery time (i.e., the time necessary for a forest to recover
its pre-disturbance AGB levels) of Brazilian Amazon forests AGB from drought, fire and a combination of
logging and fire disturbances, using a dynamic forest carbon model that simulates vegetation recovery
time as a function of climate scenarios and geospatial data. With the present study, we aim to investigate
the recovery time of AGB in the Amazon forests when subject to a disturbance caused by: (1) an extreme
drought, (2) a catastrophic fire and (3) a combination of logging and fire disturbances by integrating the
existing knowledge [24,42–44] within our modeling framework.

2. Materials and Methods

We used a spatially implicit forest productivity model based on the net primary productivity of the
3-PG model (Figure 1) (see Section 2.1 The Model) to estimate forest recovery time (here defined as the
time necessary for a forest to recover at its pre-disturbance AGB levels). Analysis of AGB recovery was
carried out for the Brazilian Amazon biome, which encompasses about 3.5 million km2 located between
15◦ S–5◦ N and 40◦ W–80◦ W. The region consists of one of the largest preserved forests in the world that
has been experiencing strong human disturbances in recent times, especially in “the arch of deforestation”
(Figure 2).

Figure 1. Proof–of–concept vegetation recovery time simulations as a function of climate variables (i.e.,
soil-plant available water (fSW), photosynthetically active radiation (PAR), vapor pressure deficit (fVPD),
and air temperature (fTemp), see The Model for description). Aboveground biomass (AGB) losses resulting
from drought stress and fire are a function of the maximum climatological water deficit (MCWD, see The
Model for description).
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Figure 2. Study area: Amazonian forest in Brazil. Amazon biome extent (gray area). Forest loss map
(yellow-red) has been displayed according to [45,46] (Global Forest Change dataset in Google Earth Engine).
Red pixels identify areas of where tree cover loss has been detected.

2.1. The Model

In this study, recovery time dynamics are simulated using the 3-PG model (Physiological Principles
in Predicting Growth; [47]), as embedded and parameterized into the CARLUG model by [48], driven by
four monthly climatic variables: photosynthetically active radiation (PAR, mol PAR m−2 month−1), vapor
pressure deficit (VPD, KPa), precipitation (mm month−1) and air temperature (◦C), respectively. The 3-PG
model was used to estimate gross and net primary productivity (GPP and NPP, both in g C m−2 month−1)
as follows:

NPP = GPP × Y (1)

where Y is the carbon use efficiency (i.e., the fraction of GPP not used to support autotrophic respiration,
known as CUE [49–51]). GPP is computed as:

GPP = αx × modi f iers × PAR ×
(

1 − e−k×LAI
)

(2)

where αx is the maximum quantum canopy efficiency (i.e., the maximum capacity in converting light into
photosynthates without environmental or other functional limitations, in mol C mol PAR−1 m−2 month−1),
modifiers comprise environmental limitations to maximum photosynthetic rate (temperature, fTEMP; soil
water, fSW; and vapor pressure deficit, fVPD), with values ranging from zero (complete limitation) to one
(no limitation). For an in-depth description of modifiers algorithms see also [48,52]. The last two terms in
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Equation (2) reflect the incident PAR effectively absorbed by the canopies (i.e., APAR) based on their leaf
area index (LAI, m2 m−2) and the leaf light extinction coefficient (k, unitless) as in Beer’s Law [53].

Each month, the model assumes that leaf, wood, and root carbon pools increase by an overall amount
equal to the NPP, which are, respectively, allocated proportionally in their three pools as in the standard
3-PG carbon partitioning-allocation scheme [54]. The partitioning of NPP is the outcome of the climate and
soil conditions interacting with vegetation through a series of differential equations that describe the flow
of C within the tree compartments [48]. Therefore, the model predicts the distribution of forest biomass
from carbon stocks, but in order to obtain biomass we converted C to biomass assuming that one ton of
biomass contains 0.5 tons of C [55]. We assume that the re-equilibration of forest carbon after disturbances
(i.e., steady state undisturbed conditions) is when the AGB growth and the decay rates stabilize. We also
estimated the average time to recover 90% of old-growth forests’ carbon levels. The 90% threshold has
often been used in similar studies (e.g., [56]) and can thus more easily be compared to previous results; the
100% threshold corresponds to a full recovery of carbon stocks, but it may take significantly longer.

The study conducted by [48] uses the recalibrated 3-PG model parameters for the Amazonian forests
(the overall parameters description and their values are shown in Supporting Information, see Table S1).
The 3-PG calculates NPP as a constant fraction of GPP, using an NPP/GPP ratio (Y = 0.47) based on
empirical evidence [47]. For Brazilian Amazon forests other studies suggest Y to be closer to 0.3 [57] while
others report much higher values at some tropical sites, even including Amazonian ones (i.e., Y > 0.5; [51]).
However, the issue of whether Y is a constant value, its actual value, even including its top-down limits, is
a much-debated issue as described in [51,58].

An overall 3-PG model parameter sensitivity analysis has been performed already by a number of
authors (e.g., [59]) showing how the 3-PG model is mostly sensitive to stem allometric parameters (i.e.,
those used to obtain from trees structure the tree biomass), ratios for biomass partitioning and allocation,
maximum canopy conductance, turnover time of wood, and maximum canopy quantum efficiency. For
an in-depth 3-PG model parameter sensitivity analysis we refer to the works of [48,59] and this will be
not considered and discussed further here. In addition, we used the pan-tropical biomass map generated
by Avitabile et al. [60] as reference (pre-impact) levels to initialize the model and combining it with two
comprehensive recent estimates of carbon density (i.e., estimations of [55,61] and covering a wide 250–500
Mg ha−1 range (Figure S1).

2.2. Estimating Drought, Fire and Logging Impacts on AGB Stocks

The loss of AGB due to drought events was modeled as a function of the MCWD (Maximum
Climatological Water Deficit index, representing the maximum climatological water deficit reached in the
year), a common index used to measure the cumulative water stress in Amazonia (e.g., [42,62,63]). The
MCWD reflects the intensity and length of the dry season, when evapotranspiration exceeds precipitation
(i.e., negative balance). A measure of water deficit related to tree mortality in Amazonian forests that is
denoted as in Lewis et al. [42], that is:

ΔAGB = 0.378 − 0.052 × ΔMCWD (3)

We estimated the MCWD anomalies (namely, ΔMCWD) for the year 2010 by first estimating the
mean MCWD for the baseline period from 1998 to 2015, without considering both the years 2005 and
2010. The ΔMCWD have been shown to be strong predictors of drought-associated tree mortality
in the Amazon [62]. Specifically, a monthly water deficit was calculated as the difference between
precipitation and evapotranspiration (with ground measurements estimated at 100 mm per month [63,64],
i.e., evapotranspiration is fixed at 100 mm month−1). As a result, we assume that the forest is in water
deficit when monthly precipitation falls below 100 mm. MCWD was calculated as the sum of sequential
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monthly water deficits, where more negative MCWD values indicate higher drought stress. We quantified
the MCWD for the year of 2010 using the product 3B43 of TRMM (Tropical Rainfall Measuring Mission at
0.25◦ grid-resolution), and then, the average of carbon losses for each pixel using Equation (3). The 2010
drought is one of the most intense and spatially extensive drought events ever recorded in the Brazilian
Amazon [42].

Effects of wildfire were estimated by using the CARLUC-Fire model [44]. This model specifically
accounts for the effects of fire by estimating forest carbon losses after a fire event as a function of its
intensity (FI). FI is defined as the energy released per unit length of fire-line (kWm−2), which is a key
factor in estimating how vegetation responds to fire events. The relationship between fire intensity and
fire-induced biomass losses was derived from a large-scale fire experiment in southeast Amazonia [24,44]
(Equation (4)). Based on this experiment, AGB losses were calculated as a function of FI as follows:

AGBlosses =
1(

1 + e(2.45−0.002373×FI)
) (4)

We limit our fire analysis to areas that burned between 2003 and 2016 [65] using information at 500 m
resolution from the Moderate Resolution Imaging Spectroradiometer (MODIS) Collection 6 MCD64A1
burned area product over the period 2003–2016.

As a substantial proportion of fires occurred in areas likely to have been previously logged, we
accounted for this effect in the estimation of the initial AGB by incorporating an additional loss in fire effects
of 40% in burned areas that were also cleared. We assumed this based on findings of Berenguer et al. [43]
that an average forest under selective logging stores about 40% less carbon. Logged areas were defined
using data from the annual Landsat-based Project for Monitoring Amazonian Deforestation (PRODES,
http://www.obt.inpe.br/prodes). Because edge effects from logging have been shown to affect forests
up to 2–3 km from the border [66], we include forests located within 3 km from a deforested pixel, as
a selective logging influence zone and they were defined using data from PRODES with cumulative
deforestation up to 2017.

2.3. Experimental Runs

We ran the 3-PG model at 3 km × 3 km spatial resolution under mean monthly climate conditions
for the 1980–2009 period, to estimate the forest recovery time for both drought, fire and logging + fire
impacts (includes loss from logging and losses from fire). Climate input variables used to calculate the
climatic means consisted of monthly series of temperature and mean vapor pressure deficit from the
Climate Research Unit (CRU TS; [67]), while PAR was obtained from the GOES–9 satellite product [68]. In
each pixel, AGB recovery was assessed by simulating AGB dynamics with the model after an AGB loss
corresponding to disturbance impact.

2.4. Assessing Model Results

Light detection and ranging (Lidar) remote sensing is widely used for monitoring forest structure and
biomass dynamics [69,70] in many forest ecosystems [71]. For instance, airborne lidar (ALS) technologies
help quantify changes in canopy structure, carbon stocks and recovery time at the local-to-regional scale
under different types of forest degradation (e.g., [25,72,73]).

In the present study, we compare our modeled recovery time from fire in logged areas with airborne
lidar-derived aboveground carbon density (ACD) recovery estimates in forest stands (2891.45 Ha) located
in Feliz Natal (Mato Grosso, Brasil) that were logged and burned once. For computing the recovery time
of ACD from lidar, we applied a model developed by Rappaport et al. [25] that used multiple linear
regression to model the recovery time of ACD (Kg C m−2) in degraded forest stands based on degradation
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type. In their study, the model was calibrated using a chronosequence of ACD maps derived from lidar and
degradation history data (from 2013 to 2018) across degraded forests stands [25]. The model is presented in
Equation (5) and shows adjusted R2 of 0.89. Herein, we chose to compare our results with those provided
in Rappaport et al. [25] due to lack of available field data on the time scale addressed here to assess
recovery time.

RT = 62.259 + 11.395 × log(t) − 10.268 × CF1 (5)

where RT refers to recovery time, t refers to time (years) and CF1 refers to degradation history, once-burned
stands.

2.5. Disturbance Return Interval

In order to inquire whether global changes could determine an increase in future drought and fire
frequency we projected the areal extent and spatial patterns of future drought and fire impacts up to the
year 2100 in order to understand whether global changes could determine an increase in future drought
and fire frequency in the study area. We analyzed both future precipitations (based on Representative
Concentration Pathways, i.e., RCP 8.5—representing unmitigated climate change scenario) and a land use
changes scenario (based on Aguiar et al. [74]) with a decrease in the extension and level of protection of
the areas and increases in deforestation rates from 2014 to 2020 and continuing until 2100.

We built drought scenarios (2040–2070 and 2071–2100) using precipitation (related with water stress,
MCWD) from the ensemble of 35 climate models participating in the Coupled Model Intercomparison
Project phase 5 (CMIP-5, [75]). In detail, we derived the forcing from the mean monthly simulated
precipitation anomalies first averaged for all 35 models and then bias corrections with Tropical Rainfall
Measuring Mission (TRMM data product 3B43 [63]). To investigate frequency of future Amazonian
droughts we assumed severe drought condition when MCWD anomalies (subtraction between future
projections and the historical average) is <−40 mm (threshold derived by Phillips et al. [62]), below this
threshold water stress is assumed to induce losses in AGB. We also used maps of predicted change in fire
recurrence in response to global changes obtained from Fonseca et al. [76] based on future land-use change
data by Aguiar et al. [74]. The fire scenarios (2040–2070 and 2071–2100) developed by Fonseca et al. [76]
combine the effects of future land-use and climate change on fire relative probability in the Brazilian
Amazon in the best-case and worst-case scenarios. We assume fire relative probability to equal fire relative
frequency and then determine the mean fire return interval as the inverse of fire relative frequency.

3. Results

Results show that disturbances have substantially affected biomass in Brazilian Amazonia. In the
locations affected by drought, fire and logging + fire, AGB decreased by 4%, 19% and 46%, respectively
(Figure 3). Our results suggest that during the 2010 drought, about 1.5 million km2 of the Brazilian Amazon
lost a considerable amount of AGB (we considered losses ≥10% of the initial AGB). Fire could also produce
substantial losses in above-ground carbon affecting 550,000 km2 especially in southern Brazilian Amazon.
Approximately 150,000 km2 of the burned forest patches were located within 3 km from a logged forest.

Average AGB recovery time was 27 years for drought-impacted, 44 years for burned, and 63 years for
logged + burned areas (includes loss from logging and loss from fire). Recovery time from drought revealed
a northwest-to-southeast gradient in the study area (Figure 4a). Roughly 20% of these drought-affected
areas, corresponding to ca. 364,000 km2, were estimated to recover in the first 10 years, with maximum
values reaching 90 years in parts of southeastern Brazilian Amazonia (Figure 4). Forest fires were
widespread across the “arch of deforestation” (the region in southern and eastern Amazonia where
the rates of deforestation are higher) during the period 2003–2016 (Figure 4b). The longest recovery times
during this period were concentrated along the eastern and southwestern extent of Amazon forests in
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Brazil, where the maximum was about 150 years after fire disturbance. Subsequent wildfires events (i.e.,
multiple fires in the same location) accounted for 10% of all forest fires during the period 2003–2016,
delaying forest recovery times within these areas (Figure 4b). The longest recovery times were found in
logged-and-burned forests with maximum values reaching 184 years (Figure 4c,c1). These results consider
a recovery of the carbon stock corresponding to 100% (i.e., recovery time ~184 years) (see The Model)
resulting in a difference of about 122 years in logged and burned forest which would be much faster if we
would consider a recovery threshold of 90% (i.e., recovery time ~62 years) (Figure S2).

Figure 3. Biomass density plots describing patterns before and after drought (a), fire (b) and logging + fire
(c) impacts. Only areas that burned between 2003 and 2016 are considered and, for (c), only burned areas
up to 3 km from logging areas. Recovery is defined as 100% of pre-disturbance AGB.

Figure 4. Aboveground recovery time (in years) for 2010 drought (a), fire areas that burned between 2003
and 2016 (b) and in areas that were both burned and logged (c). Histogram plots summarize AGB recovery
pixels distributions (in years), for drought (a1), fire (b1) and logging + fire (c1).

We compared our results with a lidar-derived model of recovery time in stands that were logged and
burned once (Figure 5a). Our estimations show smaller AGB decreases in comparison with lidar-based
estimates of carbon losses from fire (loss of AGB of 46% vs. 55%). However, recovery rates were shown to
be strongly correlated (Figure 5b).

Increases in the extent and frequency of drought and fire (Figure 6) suggest that these future
disturbances could undermine the full forest recovery. Our results suggest that by 2070 the area affected
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by drought will increase approximately three-fold (Figure 6—top panel). Moreover, from the middle to the
end of the century, the mean fire return intervals (FRI) was projected to decrease from 10 to 8 years and the
median FRI to decrease from 8 to 6 years from the 2040–2070 period to the 2070–2100 periods, respectively,
in a worst case land use change scenario (Figure 6 bottom panel). However, in a more optimistic scenario
the area subject to high fire frequency would be smaller (Figure 6 middle panel).

Figure 5. Airborne light detection and ranging (lidar) data were sampled (red line) in Feliz Natal, within
the Xingu basin (light green), Brazilian state of Mato Grosso (a). The forest growth model (3-PG green line)
shows the relationship between aboveground biomass (%) and recovery time in years. We compared it
with a lidar-derived model of recovery time in stands that were logged and burned once (CF1 refers to
once-burned) [25] (orange line) (b). A sample of vertical profile of a recovering forest which was degraded
by fire and selective logging (c). The discrete return lidar data used for creating the transect figure were
acquired in 2018 with a point density of 22.98 points m−2 covering an area of 2891.25 ha in Feliz Natal,
Mato Grosso, Brazil [25], as part of the Sustainable Landscapes Brazil project program (data available from:
https://www.paisagenslidar.cnptia.embrapa.br/webgis/; details of airborne lidar (ALS) data acquisitions
are presented in the supplementary material, Table S2).
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Figure 6. Projected changes in droughts (as maximum climatological water deficit anomalies, ΔMCWD)
(upper panel) and fire return interval based on an optimistic land use scenario (mid panel) and in the
unmitigated scenarios with the worst-case land-use scenario (bottom panel).

4. Discussion

In the present study, we explored the AGB changes after drought, fire and a combination of logging
and fire disturbances and the time needed for complete recovery as a function of both climatic conditions
and AGB in the Brazilian Amazon forest, using a modeling-based approach. Our results suggest that
fire is a much greater threat than drought for the forest resilience, especially if logging occurs. These
results highlight the key threat imposed by fire to Amazon forests. The intensity of the disturbance event
is strongly related to both the amount of AGB lost and the recovery time of the forest. The biomass
recovery rates estimates reported here are consistent with those from Poorter et al. [56] that showed
AGB of Neotropical second growth forest took a median time of 66 years to recover to 90% of previous
growth values after multiple disturbances events, including land use changes. On the other hand, recent
evidence [77] suggests that recovery time might take at least 150 years until secondary forests (re)gain
carbon levels similar to primary forests, after drought disturbances thus indicating that these biomes have
recovery rates that are much lower than previously suggested.

Our results also suggest that by the end of the century, especially after 2070, the Brazilian Amazon
will be affected by more frequent droughts with the southern area being more vulnerable since it will need
a longer time to recover after these events. Thus, climate change will greatly increase the threat imposed
to the forest, potentially jeopardizing forest resilience. The interplay between longer forest recovery times
and more frequent droughts has been previously evidenced in the Amazonia, where longer recovery
times have been documented [78]. Moreover, if on the one hand the extreme droughts of 2005, 2010 and
2016 have prevented the full recovery of the forests, on the other, drought effects on forest canopy carbon
fixation capacity could potentially persist for several years during recovery processes [78], leading to forest
degradation and changes in forest species composition, and evidence suggests that taller tree species have
significantly higher mortality than small tree species, when subject to drought [79,80].
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Our findings also confirm that the land carbon sink in the Brazilian Amazon will be strongly impacted
by a regime of a chronic state of incomplete recovery [78], with adverse consequences also on the GPP
due to shifts in precipitation patterns caused by anthropogenic emissions [81–83]. Indeed, across Amazon
forests, GPP is modeled to decrease linearly with increasing seasonal water deficit [82]. Longer and more
intense dry seasons have been forecasted, together with an increased frequency and severity of drought
events [84–86] and future Amazon droughts are expected to become even more frequent [87,88]. Our
projections suggest about one extreme drought per decade (drought return interval ranging from 4 to
16 years depending on the scenario of climate change). If drought frequency increases, Amazon forest,
both as species composition and regional carbon sink, will be affected, which will thereby have an impact
on global carbon cycling and contribute further to climate change [62,80,89,90]. Previous studies have
shown increased fire occurrence and tree mortality during and after Amazon droughts [6,89,91–93]. If these
events continue to increase in frequency, large parts of the Amazon could potentially shift from rainforest
vegetation to a fire-maintained degraded forest and may promote the persistence of degraded forests with
a savanna-like structure [94,95]. This change in forest type, structure and ecology would most likely reduce
both the forest sink capacity and even its biodiversity and ecosystem services [94]. The net increase in areas
that are more susceptible to wildfires, induced by either drought events increase, or potentially intensified
by climate change, could lead to significant biomass losses [9,96].

Human pressures play a crucial role in fire ignitions, wildfires could break out also in non-dry years
as in 2019, when more than 69,000 km2 burnt despite the absence of anomalous drought [97]. As droughts
and wildfires are expected to become more frequent, the time of occurrence between these disturbances
may even get shorter than forest recovery time, determining permanently damaged ecosystems and
widespread degradation [95]. Although forest growth models are powerful tools that can be applied in
simulating the C dynamics in forests [98,99], our results are subject to some uncertainty and a number
of caveats [100,101]. In this study, we modeled vegetation recovery time as a function of climate only.
This approach does not account for regional variation in growth rates depending on soils types (due to
their inner physico-chemical properties such as water retention or local-scale variation based on prior
land use [92,93]) growth rates are also known to vary significantly by species [43]. In addition to the
mechanisms mentioned above, CO2 fertilization of Amazonian vegetation and nitrogen deposition could
play an important, but yet often neglected, role in forest regeneration [102]. It has also been suggested that
atmospheric CO2 generally stimulates plant growth with increased rates in photosynthetic activity and
indirectly through increased water-use efficiency [103], but not in all cases [104]. As CO2 accumulates in
the atmosphere, Amazonian trees may also accumulate more biomass resulting in denser canopies and
faster growth [105]. But an increased atmospheric CO2 concentration necessarily implies an increase in
mean air temperature which is in turn speculated to increase plants’ respiration and should result in a
levelled-off forest carbon use efficiency [83]. Recent studies indicate that the ability of intact tropical forests
to remove carbon from the atmosphere may be already saturating [9,106] while others indicate for tropical
species higher thermal acclimation capacities to buffer C–losses by respiration [51], thus, calling for more
studies on the possible consequences of warming and increased atmospheric CO2 concentration on forest
dynamics. However, in the Amazon phosphorus is an important limiting nutrient over large parts and its
low availability may limit positive CO2 fertilization effects.

Future Possibilities for Model Improvement

Lidar-derived 3D-point cloud and biomass products can be used to enhance models’ representation
of complex and heterogeneous forest ecosystems, such as those found in Amazonia [107], and therefore
can be used as input or to initialize vegetation models [108]. For instance, Longo et al. [109] have used
lidar to obtain initial conditions for an ecosystem model that requires an initial state for forest structure.
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Their method to derive the vertical structure of the canopy from high-resolution airborne lidar successfully
characterized the diversity of forest structure variability caused by human-induced forest degradation
(such as logging and fire).

This new approach has strong implications on modeling recovery time and the successional trajectories
of the Amazonian disturbed forest because it does not require any assumption on the successional stage
of the forest, but only the vertical distribution of returns. Moreover, it could be adapted to space-borne
lidar data, including NASA’s Global Ecosystem Dynamics Investigation (GEDI, [110]). Fusion of GEDI
and optical data [111] will further expand the spatial extent of available lidar data and potentially provide
tools capable of mapping drought, fire and logging impacts helping models to assess recovery time.
Moreover, integration of GEDI with either optical or radar [112] wall-to-wall data could allow large-scale
characterization of forest ecosystems structure providing accurate measurements of biomass stock that
could be used for assessing recovery time via repeated measurements.

5. Conclusions

This study shows how forest growth models can be used as tools for complementing field-based
studies on recovery time by investigating the spatial and temporal dynamics and processes of forest
recovery. Indeed, our biomass recovery map illustrates both spatial and climatic variability in carbon
sequestration potential due to forest re-growth. By mapping potential for biomass recovery across
Amazonia, policy makers could focus their efforts on specific areas that require special protection and need
to be preserved. Moreover, such recovery maps could also help by identifying areas with higher carbon
sequestration potential thus supporting policies and concrete actions to mitigate forest degradation in
areas where biomass resilience is under increasing stress (such as southeastern Amazonia). The capability
and timing of forest recovery after drought, fire and logging are urgent and hot topics for applied research
calling upon conservation and policy actions in Amazonia. Future changes in fire regimes could push some
Amazonian regions into a permanently drier climate regime and weaken the resilience of the region to
possible large-scale drought–fire interactions driven by climate change. We are far from an integrated view
of forest recovery processes, yet the results presented in this study may provide some new insights about
forest recovery time after disturbances. The consequences that an extreme climatic event, such as a drought,
may cause in the forest can result in a net loss of ecosystem services compromising these ecosystems
dynamics in the long term. As a major result of projected increases in fire and drought frequency and
intensity in the region, Amazonian forest resilience appears, in the medium and long term, to be severely
jeopardized.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/12/1/8/s1.
Figure S1. Pre-disturbance reference biomass map [44]. Figure S2. The ABG dynamic as reproduced by the forest
growth model (3-PG green line) showing the relationship between aboveground biomass (%) and recovery time in
years to reach recovery threshold. Red dotted line 90% threshold and black dotted line 100% threshold. Table S1:
Parameters description and their values used in 3-PG model (modified from Hirsch et al., [48]). Table S2: Details of
ALS data acquisitions.
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Abstract: The effect of temperature on tree phenology and growth has gained particular attention in
relation to climate change. While a number of reports indicate that warming can extend the length
of the growing season and enhance tree growth rates, it is still debated whether temperature also
affects biomass partitioning. Addressing the question of whether trees grown at different elevations
invest similarly in various organs, we established four sites along an elevational gradient (320 to
595 m a.s.l.) in managed Norway spruce (Picea abies (L.) Karts) stands regenerating after clearcuts in
central Norway. There, differences in temperature, bud break, tree growth, and allometric scaling
were measured in small spruce trees (up to 3 m height). The results showed that bud break and shoot
growth are affected by temperature, as lower sites completed the bud break process 5 days earlier
than the higher sites did. There was some evidence indicating that the summer drought of 2018
affected tree growth during the season, and the implications of this are discussed. The allometric
scaling coefficients did not change for the crown volume (slope value range 2.66–2.84), crown radius
(0.77–0.89), and tree diameter (0.89–0.96) against tree height. A slight difference was found in the
scaling coefficients of crown length against tree height (slope value range 1.04–1.12), but this did not
affect the general scaling of the crown volume with tree height. Our results showed that different
local environmental conditions affect both the growth rate and phenology in Norway spruce trees but,
on the contrary, that the biomass partitioning among different parts of the tree remains essentially
unchanged. This demonstrates that the allometric approach is an important tool for unraveling true
vs. apparent plant plasticity, which in turn is an essential awareness for predicting plant responses to
environmental changes.

Keywords: scaling; altitude; biomass partitioning; Norway spruce

1. Introduction

In temperate and boreal ecosystems, trees shift between growth and dormancy in cycles that
are synchronized with seasonal environmental change, allowing survival in unfavourable seasons.
These cycles are defined by physiological processes occurring in different plant tissues in response
to local variations in temperature, day length, and light in terms of quantity and quality [1–4].
In addition, the magnitude and direction of phenological response to changes in temperature can be
species-specific and/or site-specific [1,5]. Moreover, the uncertainty pertaining to climate change in
terrestrial ecosystems calls for a better understanding of the thermal regulation of tree phenology and
growth [5–8].

It is well known that growing seasons are shorter in colder climates—e.g., at higher latitudes and
elevations [9–11]. Still, there is need for more species-specific research on the direct effect of temperature
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on phenology in the field, since most studies take place in controlled- and semi-controlled settings
and therefore do not account for natural fluctuations in environmental conditions [3]. Temperature
is the main environmental factor influencing bud break and apical growth in temperate and boreal
climates [1,12,13], so we expect a later start of the growing season and lower growth rates at higher
elevations. In these environments, temperature represents one main limiting factor for tree growth.
The increase in temperatures due to anthropogenic climate change will therefore affect the distribution
of many boreal tree species, both because of a change in environmental conditions [14,15] and because
of an increased frequency and intensity of disturbance events such as fire [16,17] and windstorms [18].

Norway spruce is one tree species which will be affected by climate change. Its vast distribution,
which spans from sea level in Northern Europe to 2400 m a.s.l. in the Italian Alps [19], makes
it susceptible both to expansion and disturbance dynamics in the future [20,21]. The rapidity of
climate change, opposed to the slow rate of expansion associated with seed dispersal, may cause the
species distribution to shrink significantly [22,23] Additionally, the increased frequency of primary
and secondary disturbances will decrease vitality in spruce forests [20,24]. Studying the effect of
temperature on spruce growth and phenology in northern climates under field conditions can therefore
provide significant contributions to the ecological knowledge of a tree species of primary ecological
and economic importance in Northern Europe [19,25]. In particular, we ask whether spruce acclimates
to colder, less favourable growth conditions by modifying its biomass partitioning. To answer this
question, we adopt an allometric perspective and study how the scaling relationships of different
functional traits vary during ontogenesis in a natural field setting.

Allometry is based on the observation that many traits (morphological, physiological, and
ecological traits alike) in living organisms are integrated at the genetic, physiological, functional, and
developmental levels [26]. Allometric relationships have been observed extensively in plants and
are well known in forestry and forest ecology [27], and allometric models have long been used to
infer valuable information, such as timber volume or global C stocks, from easily measurable field
data [28–31].

At the tree level, allometric relationships define the balance that must exist between different
functional parts in order to maintain functionality and increase fitness [32]. The fact that these scaling
relationships are commonly observed within a very limited set of possible exponents suggests a strong
driver of natural selection against individuals that deviate from “the least-bad” structure [33,34] and
underlies existing models [35–37] and theories [38,39]. However, there is still uncertainty regarding
the stability of allometric relationships between certain structural parts [30,40–42].

Investigating allometric scaling trajectories and their continuity or variations under different
conditions (tree species, elevation, latitude, forest structure, stage of recovery from previous disturbance,
etc.) can therefore provide significant contribution to the interpretation of forest structure and
dynamics. In particular, studying allometric trajectories can give valuable insight into plant allocation
patterns [43–46]. Reich et al. [47] found that trees allocate more biomass to leaves in warmer climates,
while root development is favored in colder, nutrient-limited environments. This trend is more
pronounced in conifers, therefore we could expect Norway spruce to grow comparatively fewer
leaves at higher elevations. However, other studies have found little variations in the relationship
between crown volume and tree height in forests with different compositions, disturbance histories, and
elevations, but within limited latitudinal ranges [35–37]. This highlights the need for more field-based
research on the drivers of tree structural balance and allocation patterns.

In this study, we aim to address gaps in existing knowledge on the climatic regulation of allocation
patterns in Picea abies. Our objective is to contribute to the understanding of basic drivers of biomass
partitioning. We focus on temperature, which is a particularly critical factor in the context of global
warming. By adopting an allometric approach to quantify differences in the structural balance of trees,
we propose a simple and easily replicable method to discern between true and apparent plasticity.
Furthermore, by studying the variability of allometric trajectories within juvenile stands, we aim
to unravel the variability of allocation patterns in young trees, an under-represented aspect in the
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literature since most studies compare the allometric scaling of juvenile stands to mature forests [31,48–51].
Therefore, we provide observational data that can improve our current understanding of environmental
influence over a critical phase of stand development in a key European tree species.

In order to investigate possible variations in growth and allometric scaling trajectories due to
temperature, we measured Norway spruce saplings along an elevational gradient in a northern
continental climate. To quantify the differences in growing conditions, we observed the bud break
process and tree growth throughout the season in relation to measured temperatures in selected
plots. Further, we investigated whether the trees modified their structural balance in response to
environmental variations by comparing allometric scaling trajectories.

Therefore, we aimed to test:

• The influence of temperature on bud break and tree growth in order to quantify differences in the
growing conditions along the gradient;

• The stability of allometric trajectories with ontogenesis along the gradient.

We expect a positive effect of temperature on bud break and tree growth. The evidence behind
this expectation comes from existing literature on the subject, which agrees on identifying temperature
as the main environmental cue influencing bud break [1,2,12,13].

We also expect that allometric relationships, given their fundamental importance in determining
tree fitness, are constant along the gradient. This hypothesis is based on the general quantitative theory
of forest structure and dynamics [38,39] and is backed by existing studies providing evidence of the
stability of allometric relationships despite environmental variations [33,35–37].

2. Materials and Methods

2.1. Experimental Set

The study area (61◦25′29.9” N, 11◦04′46.6” E) is located on a hillslope in the Glomma river valley,
Inland county, Norway. The climate is continental, with a precipitation peak during the summer
and generally low temperatures, resulting in a boreal biome (Figure 1). The conditions during data
collection in the summer of 2018 were exceptionally warm and dry due to a severe drought that
happened in Central and Northern Europe at the time. The event was quantified as “unprecedented”
by Buras et al. [52]. In Norway, the season was described as “the hottest and driest summer since
registrations started back in year 1900” by the Norwegian Meteorological Institute [53]. Available data
suggest a strong influence of the drought on the study area, with the mean temperatures in May and
July being more than 5 ◦C higher than average and the precipitation levels in July and August being
more than 50 and 30 mm, respectively, lower than usual (Figure 1).

The field study was set up in mono-layered stands, dominated by Norway spruce and managed
with a production purpose. Study sites were distributed among stands that underwent clearcutting
between 2010 and 2011 and were planted with saplings in 2012: site A (320 m a.s.l.), B (420 m a.s.l.),
C (500 m a.s.l.), and D (595 m a.s.l.).

The varieties of Norway spruce planted in the sites were “Opsahl” in sites A, B, and C and
“Kaupanger” in site D. Opsahl was selected to maximize stand yield in the climatic conditions of
the area. Seeds belonging to this variety were collected from stands with an average latitude of
61.11◦ N [54]. Kaupanger, on the other hand, was selected for its resistance to frost, particularly because
of the anticipated dormancy in autumn. The average latitude of origin was 61.23◦ N [55]. In the field,
we were not able to distinguish between individuals of natural and artificial origins. We accounted for
this possible source of variation by including tree variety in our models, which allowed us to test its
effect on growth and phenology at the site level.
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Figure 1. Mean temperature (T) and cumulative precipitation (P) monthly values for the study area.
Long-term average values for the period 1961–1990 (“long”) are shown together with the mean values
recorded in 2018 (“2018”). Temperature data were measured at Evenstad’s weather station (4 km from
study area), precipitation data were measured at Rena’s weather station (~30 km south of study area).
Source of the data: Norwegian Meteorological Institute (www.yr.no).

2.2. Local Performance

To measure phenology and growth during the growing season, we established five plots for each
site. The plots were established sparsely to account for possible local variations within the stand, while
following these criteria: (i) areas with rocky or steeper soil were avoided, trying to limit the difference
in soil water availability; (ii) each plot was more than 15 m from the border with the nearest forest
stand. This was done to limit the edge effect of the nearby mature forest ecosystem due to shading and
belowground competition.

After the determination of each plot center, we selected 10 juvenile trees among healthy individuals
(showing no signs of desiccation or missing apical bud) in the vicinity of the center. Five plots were
selected for each site, yielding 50 trees per site and a total of 200 trees across the sites. These individuals
were marked with red tape and given IDs. This was done to perform repeated measurements of the
following growth processes:

• Apical bud break process, measured every two days from 18 May to 5 June 2018;
• Apical shoot elongation, measured every three weeks from 23 May to 4 September 2018;
• Diameter at 20 cm from root collar, measured every three weeks from 23 May to 4 September 2018.

Our study design limited us to certain tree sizes and prevented us from performing a random
sampling of trees, therefore sampled individuals should not be considered representative of the whole
site in terms of tree size.

The values of apical shoot growth and diameter increment were normalized over tree height and
diameter, respectively, as recorded at the start of the season. This allowed us to evaluate and compare
the growth rate of trees of different dimensions during the season. The height and diameter values
used for the normalization were measured at the start of the growing season.

Apical stages of bud break were classified using a phenological scale dedicated to spruce, adapted
from Fløistad and Granhus [56]: (0) dormant buds; (1) buds slightly swollen; (2) buds swollen, bud
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scales still covering the new needles; (3) bud scales diverging, no elongation of needles; (4) elongation
of needles, needles not yet spread; (5) needles spread. Compared to the original scale [56], ours is
shorter and relies only on qualitative aspects. We removed stages relying exclusively on quantitative
criteria, as they are inaccurate in evaluating bud break under field conditions.

At each plot, temperature loggers were installed, yielding a total of 20 loggers. We used HOBO
8K pendant® waterproof temperature loggers (Onset Computer Corporation, 470 MacArthur Blvd.,
Bourne, MA, USA), each placed inside a white solar shield case specifically built to shelter the logger
from the influence of direct sunlight while also granting aeration. Temperature data were logged every
10 min. Due to logistic problems, the loggers were installed in the field as late as 3 July, well into the
growing season. We recorded data from the 3 July until 24 September. We obtained the missing data
(15 May to 3 July) by imputation, modelling the relationship between each logger and the Evenstad
weather station, which was located 4 km away from the sites. The specific coefficients defining these
relationships are available in Table S1 of the Supplementary Materials.

2.3. Allometric Relationships

The collection of allometric data occurred in the same sites (i.e., the same clearcut stands) as the
measurement of bud break and growth.

We sampled trees varying from 10 to 300 cm in height and divided them into six groups on the
basis of height: 0–50, 50–100, 100–150, 150–200, 200–250, and 250–300 cm. We sampled 10 trees per
height interval, resulting in 60 trees per site and a total of 240 trees. Each tree was only sampled once;
we sampled all sites between 19 and 24 September.

Because of this height range constraint, the trees sampled for allometric data included, but were
not limited to, individuals on which we performed phenological and growth analyses. Plants were
sampled based on their height and health status (no visible sign of desiccation, no broken branches or
missing tips). We took the following measurements: (1) tree height; (2) tree base diameter; (3) crown
radius (Rcro)—i.e., the distance between the tip of the longest branch and the stem; (4) crown insertion
height—i.e., the distance between the lowest active branch in the canopy and the ground. From these,
we obtained also (5) crown length (Lcro)—i.e., the distance between the lowest active branch and the
apical tip—and (6) crown volume (Vcro), obtained by multiplying the crown length by the square of
the crown radius (Vcro = Lcro × Rcro

2). As in previous studies [35,36], this simple formula is preferred
over other approaches to estimate crown volume because it easily allows one to investigate the relative
change in crown volume—namely, the scaling exponent of Vcro—with tree height. The use of more
complicated formulas to approach crown shapes (e.g., cone) does not improve the estimation of
scaling parameters.

2.4. Statistical Analyses

All the statistical analyses were performed using the R software, version 3.6.1 [57].
We first tested for significant differences in the growing conditions between different sites.

We applied analysis of variance (ANOVA) to test for differences in temperature, phenology, and growth.
For temperature, we compared the mean of hourly temperatures. For phenology, we considered the
day (in progressive “day of the year” DOY values) on which the final stage of bud break (stage 5) was
reached. For growth, we considered the total apical shoot elongation and total diameter increment
values, normalized over tree height and tree diameter, respectively.

We applied either the parametric ANOVA or Kruskal–Wallis tests depending on the data
distribution. Normality in the data and residual distribution was tested with the Shapiro–Wilk test.
The homogeneity of variance was tested with the Bartlett test.

Since the ANOVA only reveals that “at least” one site is different from the others, in the case
of significant (p < 0.05) response we applied the Tukey (for parametric ANOVA) or Dunn (for
Kruskal–Wallis) post hoc tests to determine specific differences between sites (complete statistical
outputs available in Table S2 of the Supplementary Materials).
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Additionally, we fitted mixed-effect models on phenology and growth to test the influence of
temperature, daylength, date, and variety over the processes of bud break (including all observed
stages) and apical shoot elongation (including all elongation measurements). In that respect, the
temperature values from each plot were linked to the response variables measured from the saplings in
the plots. For the mixed-effect models, we included plot (i.e., each plot’s ID) as a random term when it
improved the model and thus accounted for non-measured local environmental variations. We applied
cumulative link mixed-effect models (R package “ordinal” [58]) to phenological-scale values, testing for
the effect of temperature, daylength, and variety. We applied linear mixed-effect models (R packages
“lme4” [59] and “lmerTest” [60]) to apical growth values, testing for the effect of temperature, date, and
variety. We tested whether the inclusion of a random variable improved the models by comparing the
AIC (Akaike Information Criterion) values of the mixed-effect models with that of models which did
not include random variables (glm for continuous variables and clm for ordinal variables). Finally, we
performed an AIC-based model selection using the dredge automated model selection function in the
“MuMIn” package [61].

Repeated measurements of tree diameter resulted in being very prone to measurement errors
because of the field conditions and small size scale of our trees. In order to reduce the error, we only
used the first and last measurements to obtain the total diameter increment for the whole season. This
allowed us to test for differences between the sites using ANOVA, but the full data series was not
reliable for mixed-effect modelling.

Finally, we investigated allometric scaling to assess whether differences in growth are reflected
in differences in the structural balance of the trees. We considered the scaling of crown volume,
crown radius, crown length, and tree base diameter over tree height. All the scaling parameters were
transformed by a base 10 logarithmic function, which allowed us to model the allometric relationship
as a linear regression (Equation (1)) [62].

(log)y = b(log)x + (log)a, (1)

where y and x are the structural traits being considered (e.g., crown volume and tree height) and b is
the scaling exponent and a is the intercept—i.e., the coefficients that define the relationship.

This approach allowed us to the quantify site-specific values for the allometric scaling exponent
(b). Comparing b values, we were able to investigate the variation in allometric trajectories along
the elevational gradient—i.e., the structural balance between traits—in different sites. Similarity or
differences between sites are expressed by the confidence intervals (C.I.) of the b parameter; overlapping
C.I. values for the b parameters indicate similarity.

3. Results

3.1. Local Performance

The ANOVA revealed significant (p < 0.001, χ2 =21.158, df = 3) temperature differences between
the sites. The post hoc Dunn test identified the two lower (A and B) and the two higher (C and D) sites
as statistically different (Tables 1 and 2), with higher mean temperatures at lower elevations. More
specifically, site A was warmer than sites C (p < 0.001) and D (p = 0.002). Similarly, site B was warmer
than sites C (p = 0.005) and D (p = 0.018).
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Table 1. Results of the post hoc test used to assess the differences in hourly temperature (◦C) between
sites for the growing season of 2018 (15 May to 4 September). “Group” letters identify significantly (p <
0.05) different groups, where “a” is the group with the lower value. Corresponding mean temperature
(◦C) values for the growing season are also shown for each site. Values in brackets represent the
standard error (S.E.).

Site Group Mean T (◦C)

A (320 m a.s.l.) b 17.16 (±0.1)
B (420 m a.s.l.) b 17.09 (±0.1)
C (500 m a.s.l.) a 16.39 (±0.1)
D (595 m a.s.l.) a 16.49 (±0.1)

Table 2. Means of the hourly temperature differences between the sites, calculated for the growing
season of 2018 (15 May to 4 September). Each value is the mean difference between the site in the first
column and the one in the first row of the table. Values are shown in ◦C; values in brackets represent
the standard error (S.E.).

A B C D

A / 0.17 (±0.01) 0.80 (±0.02) 0.75 (±0.03)
B / 0.64 (±0.01) 0.59 (±0.02)
C / −0.05 (±0.02)

The tree size variables varied in a similar fashion, as the ANOVA results identify significant
differences between sites also for height (p < 0.001, F = 13.4, df = 3) and diameter (p < 0.001, χ2 = 26.232,
df = 3) values, measured at the start of the season (23 May). Post hoc tests revealed differences between
the two lower and two higher sites, with trees being smaller at higher elevations (Table 3). The trees
in sites A and B resulted in being higher than the trees in sites C and D, with p-values < 0.001. The
trees in site A also had larger diameters those in than sites C (p < 0.001) and D (p = 0.009). Similarly,
individuals in site B had larger diameters than those in sites C (p < 0.001) and D (p = 0.004).

Table 3. Results of the post hoc tests used to assess the differences in tree height and diameter in all
four sites. Values were measured at the start of the growing season (23 May). “Group” letters identify
significantly (p < 0.05) different groups, where “a” is the group with the lower value. Corresponding
mean height (cm) and diameter (cm) values are also shown for each site. Values in brackets represent
the standard error (S.E.).

Site Group Mean Height (cm)

A (320 m a.s.l.) b 169.97 (±5.2)
B (420 m a.s.l.) b 166.44 (±5.3)
C (500 m a.s.l.) a 136.35 (±4.7)
D (595 m a.s.l.) a 137.47 (±4.7)

Site Group Mean Diameter (cm)

A (320 m a.s.l.) b 3.16 (±0.11)
B (420 m a.s.l.) b 3.19 (±0.10)
C (500 m a.s.l.) a 2.55 (±0.10)
D (595 m a.s.l.) a 2.75 (±0.11)

To compare the timing of growth onset across sites, we considered the day of completion of the
bud break process—namely, the date in which each individual reached stage 5 of the phenological
scale. It took 13 days, from 18 May to 31 May, for all individuals in sites A and B to complete the bud
break process. This happened 5 days earlier than in sites C and D, where the process was completed
on 5 June (Figure 2).
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Figure 2. Cumulative percentage of trees reaching the final stage of bud break by site.

The mean date of completion of the bud break process is only one to two days earlier in lower
sites A and B (Table 4). Nevertheless, applying ANOVA revealed significant (p = 0.0015, χ2 = 15.395,
df = 3) differences between the sites. The post hoc analysis results indicate an earlier mean date of bud
break in site A than in site D (p = 0.017) and in site B than sites C (p = 0.021) and D (p = 0.003) (Table 4).

Table 4. Results of the post hoc test used to assess differences in the bud break process in the study
sites. The parameter being tested is the mean date of completion of the bud break process (in day of the
year values). “Group” letters identify statistically different groups, where “a” is the group with the
lower value. Dates are expressed as “day of the year” (DOY) progressive values, the corresponding
dd/mm dates are also shown. Values in brackets represent the standard error (S.E.).

Site Group Mean Date (DOY) Approximate Date

A (320 m a.s.l.) ab 144.98 (±0.29) 25 May
B (420 m a.s.l.) a 144.67 (±0.31) 25 May
C (500 m a.s.l.) bc 146.47 (±0.53) 26 May
D (595 m a.s.l.) c 146.62 (±0.4) 27 May

The CLMM that was applied on the apical stage data included the random variable “plot”,
and indicated a significant (p < 0.001, Z = 28.15, S.E. = 0.03002) positive (0.845) correlation between
temperature and bud break. Tree variety and daylength were discarded during model selection,
indicating no influence of these variables over the bud break process.

Tree growth differed significantly between sites according to ANOVA, in terms of both normalized
apical shoot elongation (p = 0.0318, F = 3, df = 3) and normalized diameter increment (p = 0.0014,
χ2 = 15.51, df = 3). The differences in apical growth are limited, as the only significant difference is
between sites A and C (p = 0.048), with site A growing comparatively less than site C. The differences
in diameter increment are stronger, as the normalized radial growth in site A was lower than in sites C
(p = 0.0138) and D (p = 0.0026), and lower in site B than in site D (p = 0.03) (Table 5). These differences
do not follow the same elevational pattern observed for temperature, tree size, and phenology; when
looking at normalized growth values, trees in lower sites grew similarly or even less than those at
higher elevations.
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Table 5. Results of the post hoc tests used to assess the differences in tree growth during the season.
Parameters being tested were the mean normalized values of apical shoot elongation and diameter
increment. Mean values, both normalized and absolute (cm), are also shown for each site. “Group”
letters identify statistically different groups, where “a” is the group with the lower value. Values in
brackets represent the standard error (S.E.).

Site Group
Mean Normalized
Shoot Elongation

Mean Shoot
Elongation (cm)

A a 0.22 (±0.01) 37.48 (±2.2)
B ab 0.25 (±0.01) 42.12 (±1.9)
C b 0.26 (±0.01) 35.77 (±1.7)
D ab 0.23 (±0.01) 32.32 (± 2)

Site Group
Mean Normalized

Diameter Increment
Mean Diameter
Increment (cm)

A a 0.105 (±0.007) 0.334 (±0.02)
B ab 0.112 (±0.008) 0.351 (±0.02)
C bc 0.139 (±0.009) 0.348 (±0.02)
D c 0.138 (±0.007) 0.374 (±0.02)

The LME (linear mixed effect) model applied to apical shoot growth for the whole growing
season showed a significant positive influence of temperature on growth (coeff = 14.1238, p = 0.00904,
t = 2.619, S.E. = 5.39236). The inclusion of “date” improved the model but did not have a significant
effect (p = 0.16104, t = 1.403, S.E. = 0.52593). Date, however, had a significant negative interaction with
temperature (coeff = −0.07035, p = 0.01252, t = −2.505, S.E. = 0.02809), indicating that the influence
of temperature on apical shoot growth decreased over time. Including “plot” as a random variable
accounting for environmental variation improved the model, while the “variety” variable was discarded
during model selection.

Unexpectedly, the diameter increment during the season displayed a peaks-and-trough pattern.
This pattern was found in all four sites, but the trough was deeper in lower sites (Figure 3). In the
three-week period from 13 June to 4 July, the average normalized diameter increment values were
lower in all sites if compared with the previous and following three-week periods. This means that the
growth either slowed down or stopped altogether in the middle of the season. The normalized apical
shoot growth values do not show any interruption and simply decrease to a stop, with most of the
elongation being over by 4 July (Figure 3).

Figure 3. Cont.
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Figure 3. Normalized values of diameter increment (a) and shoot elongation (b) measured throughout
the growing season of 2018. Notice the peaks-and-trough pattern in (a), which points to a decrease in
the diameter increment during the season. Error bars represent the standard error.

3.2. Allometric Relationships

The slope coefficients in the linear regression function, modelling the allometric scaling of the
crown volume vs. tree height, did not show significant differences among sites (Figure 4).

Figure 4. Linear regression models for the allometric scaling of crown volume over height. Regression
equations are shown above each plot. Black lines represent the regression model. Dots represent
observations. Values in brackets are the 95% confidence intervals (C.I.) of the slope (b) and intercept
(a) coefficients.
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Further modelling of the allometric scaling of structural parameters other than the crown volume
supports this result, with the allometric trajectories being consistently similar in all sites for the values
of tree diameter (D), crown length (Lcro), and crown radius (Rcro) over tree height (H) (Table 6). One
single exception is the Lcro vs. H relationship in site A (Table 6), whose b value is significantly higher
than in other sites.

Table 6. Summary of the resulting a and b coefficients and relative C.I. (confidence intervals, 95%) that
describe the different allometric relationships in the four sites.

Allometric
Relationship

Site Slope (b) C.I. (2.5%)
C.I.

(97.5%)
Intercept

(a)
C.I. (2.5%)

C.I.
(97.5%)

Diameter
Vs. Height
(D vs. H)

A 0.96 0.91 0.99 0.03 0.02 0.03
B 0.89 0.85 0.94 0.03 0.03 0.04
C 0.91 0.86 0.96 0.03 0.02 0.04
D 0.93 0.88 0.98 0.03 0.02 0.04

Crown Length
Vs. Height
(Lcro vs. H)

A 1.12 1.1 1.15 0.48 0.43 0.54
B 1.04 1.03 1.06 0.74 0.68 0.79
C 1.04 1.02 1.06 0.71 0.66 0.79
D 1.06 1.03 1.09 0.63 0.55 0.72

Crown radius
Vs. Height
(Rcro vs. H)

A 0.77 0.7 0.84 1.05 0.78 1.48
B 0.84 0.78 0.91 0.69 0.5 0.95
C 0.81 0.75 0.86 0.81 0.62 1.05
D 0.89 0.84 0.94 0.58 0.45 0.72

4. Discussion

Our results are in line with the present literature concerning the role of temperature in regulating
bud break in northern tree species [1,2] and provide detailed modelling of this process under field
conditions. This increases the strength of the current projections, associating an earlier growth onset
with the increasing temperatures linked to climate change [5–7].

Similarly, we expected to see higher growth rates in warmer sites, but the normalized values
of apical and radial growth appear irregular and do not follow the same pattern as the elevational
temperature gradient. When looking at the radial increment values (Figure 3), our data point to a
slowing in the tree growth rate during the season, which contrasts with existing knowledge [63] and
possibly indicates the influence of the year’s drought.

Although we lack the necessary data to determine the drivers behind these patterns, we argue
that the observed significant differences in growth rates point to differences in the growing conditions
between sites. Despite these variations, we find that the exponents of allometric trajectories are similar
in the four sites. This provides evidence that spruce saplings maintain the same trajectories of structural
balance during growth, regardless of the local growing conditions.

The measured temperatures along the elevational gradient indicate two distinct local climates:
a “lower” area, comprising sites A and B and ranging from 320 to 420 m a.s.l., and a “higher” area
comprising sites C and D and ranging from 500 to 595 m a.s.l. (Tables 1 and 2). The sampled trees in
these sites seem to mirror these conditions, with trees in low-elevation sites (A–B) being significantly
bigger than those at higher elevations (C–D) both in height and diameter (Table 3). Similarly, the
positive influence of temperature on bud break caused saplings at the lower, warmer sites A and B to
experience a faster growth onset. Lower sites showed a faster rate of completion (perc. of trees reaching
the final stage) during the whole period (Figure 2), and completed the process 5 days earlier than
the higher sites did. Differences in the mean day of completion of the bud break process are limited,
amounting only to one to two days, but still indicate a later start of the season at higher elevations
(Table 4). This is consistent with existing knowledge, as temperature is the main environmental
cue influencing bud break in northern tree species [1,2] and temperatures decrease with increasing
elevation, resulting in delayed bud break [9–11].
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Despite the variation in phenology across elevation, the measured values of tree growth did not
follow such a pattern, as the growth rate variables were generally of smaller value at lower elevation,
and the differences between the sites were much less pronounced. The values of normalized apical
shoot elongation appear to be significantly different only between sites A and C, with trees in the lowest
site A producing comparatively shorter shoots. Differences in the normalized diameter increment
are slightly more evident (Table 5), but again indicate that trees in lower sites had a comparatively
lower radial increment than trees in higher sites. Overall, it appears that bigger trees in lower sites (A
and B) grew comparatively less than smaller trees in higher sites (C and D) during the season. This
appears to be in contrast with the well-known direct correlation between temperature and growth
rate, as confirmed by our modelling. This inconsistency could be explained, at least for radial growth
values, by the pattern of measured values during the season (Figure 3). Rossi et al. [63] found that
conifers in cold climates increase their radial growth rate with day length, with a peak at the day of
maximum day length. This would be the summer solstice, 21 June 2018—i.e., at the time of the season
when we recorded the lowest radial growth rates (Figure 3). This discrepancy is likely due to the
summer drought of 2018 [52,53]. Severe effects of the drought on forests were observed in Central
Europe during the same event [64], and similar or worse effects likely happened in Scandinavia, where
deviations from the norm where stronger [52].

The warm and dry conditions of the summer may have caused the peak-and-trough pattern either
by slowing down the tree growth or by causing the shrinking of the xylem cells due to dehydration [65].
It appears that lower-elevation sites were more affected by this event (Figure 3). This would explain
the comparatively higher radial growth values observed in the higher-elevation sites C and D (Table 5),
where lower temperatures may have diminished the drought effect. This is an untested hypothesis,
since assessing and quantifying the local impacts of the drought was not within the scopes of our study
and would need further investigation. Furthermore, the fact that our measurements cover such a small
area makes it difficult to generalize our results. However, given the existing knowledge on the effects
of the 2018 summer drought [52,64] and the prospected increase in the frequency of extreme events due
to ongoing clime change [66], we consider this aspect of our study relevant enough to be discussed.

The growth rate pattern for the normalized apical shoot elongation values is consistently similar
in all sites; after an initial peak, it slows down and almost stops by 4 July (Figure 3). The significant
negative effect of the interaction between the temperature and date variables shows a decrease in the
positive effect of temperature on growth over time. This is due to apical growth cessation during the
season, while temperatures are still high. Unlike radial growth, there is no recovery in the growth rate
after it slows down. This may be caused by the fixed growth pattern of P. abies; at the start of the season,
the bud already contains all the cell primordia that will develop during the season [2]. As soon as the
pre-determined number of cells has developed, apical shoot growth stops and the apical bud enters
dormancy. We have no way to establish whether the apical shoot growth ceased because all of the bud
primordia properly developed or because the drought forced an early dormancy of the apical buds.

Variety does not seem to have a significant effect on bud break or apical shoot elongation. This
is unexpected, as the characteristics of the two varieties are very different. Trees planted in sites A,
B, and C belong to the “Opsahl” variety and are selected to maximize stand yield [54,55]. Therefore,
we expected to see some differences—e.g., higher growth rates in these sites. Our sampling involved
both natural and artificial regeneration, so it is possible that we sampled few individuals of non-local
origin and the influence of genotypes was not represented in the dataset. Another possibility is that
the drought offset the effect of different varieties. If lower-elevation sites really grew less because of the
drought, this may have counterbalanced the effect of the “Opsahl” variety. Again, it should be noted
that this hypothesis is untested, but this should be discussed and investigated by future studies. The
possible management implications for Scandinavian forestry in the face of climate change are huge,
given the importance of Norway spruce in the area [19]. As the tree species distribution is projected
to change dramatically [14,15], spruce forests will experience more frequent primary and secondary
disturbances [22,24]. Observed and predicted increases in forest growth with global warming [67,68]
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could be disrupted by these events, as noted by other studies [69,70]. Our results seem to point in
this direction, and highlight the need for more field-based studies to adapt future silviculture to the
changing climate.

Although the variations in tree growth rates during the season do not reflect the elevational
temperature gradient, they were significant nonetheless. This points to local differences in growing
conditions, with factors other than temperature influencing growth onset and growth rates during the
same season. Despite these differences, the scaling exponents that define the allometric relationships of
structural parts of the trees do not vary significantly (Figure 4, Table 6). This means that crown volume,
stem diameter, crown length, and crown radius grow similarly, in relation to tree height, in all four
sites. The only exception appears to be the scaling relationship Lcro vs. H (Table 6), as the scaling value
C.I.s of site A do not overlap with other sites, being slightly higher. A higher scaling value of Lcro vs.
H means that the trees in site A tend to favor vertical growth over time. This is offset by the relatively
lower scaling rate in site A for Rcro vs. H (Table 6). As a result, the scaling of Vcro vs. H is the same in
all sites (Figure 4). Therefore, it would appear that trees in site A develop comparatively narrower
crowns over time.

The difference between the slope values of Lcro vs. H is minimal, yet this is a noteworthy
discrepancy since the common knowledge is that Norway spruce tends to grow narrower crowns in
colder, harsher environments typically associated with higher elevations and latitudes [71,72]. The
fact that this applies to the lowest and warmest site A is surprising. It was observed in the field that
competition with Betula spp. is stronger at lower elevations, likely because of the higher temperatures.
It is possible that this drives spruce saplings in site A to favor vertical growth in early development
phases. Despite this, the general balance between productive organs (in our case, crown volume)
and tree dimension (tree height) follows the same trajectory in all sites. An important aspect of our
study is that the regeneration of both natural and artificial origin comes from a restricted range of
latitudes (61.11◦ N to 61.25◦ N). Another study conducted by Anfodillo et al. [35] found that the scaling
exponent of crown volume versus tree height does not vary significantly (2.22 to 2.31) between four
temperate mountain forests with different composition and disturbance levels but within a restricted
range of latitudes (46.06◦ N to 47.27◦ N). Sellan et al. [36] obtained a similar outcome when comparing
the scaling exponents (3.30 to 3.38) of three tropical forest plots with different species richness and
composition between 0◦ and 1◦ N. Therefore, latitude appears to be one major factor influencing the
slope of the locally optimal allometric relationships between these traits.

The continuity in the measured scaling exponents supports the hypothesis that allometric
relationships are fundamental to tree functioning and, therefore, that trees acclimate to local conditions
by changing their growth rate while maintaining an optimal structural balance during onthogenesis [33].
From this perspective, allometric relationships are a major constraint that governs tree growth, and
can be a powerful tool in modelling tree and forest dynamics. This is consistent with the general
quantitative theory of allometry proposed by West, Brown, and Enquist [38,39]. It is fundamental to
keep in mind that this is observed for the scaling of structural parts versus tree height. The scaling of
traits versus diameter has shown more variability in response to environmental variation [30,40,73].

5. Conclusions

In this study, we quantified the influence of temperature on bud break and growth under field
conditions. Temperatures follow an elevational gradient, being higher in lower sites and positively
influencing the bud break process. Consequently, the season started earlier at lower elevation sites.
Differences in growth appear less consistent with temperature, as the bigger trees in the lowest, warmest
site A grew comparatively less than in the higher sites C and D. The values of diameter increment
during the season point to a possible negative influence of the exceptional 2018 summer drought,
which would explain this discrepancy.

The measured differences in temperatures and growth point to significant differences in local
growing conditions. Despite this, the allometric relationships of crown volume and tree diameter
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versus tree height do not vary along the elevational gradient. This indicates that young spruce trees do
not appear to modify their structural balance and biomass partitioning to acclimate to local conditions.
The allometries of crown length and crown radius versus tree height are stable as well, with the
exception of a minor difference in crown length in site A, which did not have an impact on the overall
crown volume–height balance.

Our data support the hypothesis that maintaining specific allometric trajectories is fundamental for
tree functioning, even at such a young age of tree and stand development. By comparing the growing
conditions and allometric scaling in Norway spruce saplings, we offer insight into the ecological factors
regulating its growth and allocation patterns. We show that the simple application of an allometric
approach can provide valuable information on true vs. apparent plant plasticity, thereby increasing
our understanding of tree and forest dynamics and our predictive ability in the face of climate change.

We recommend that future studies wishing to understand variations in tree biomass partitioning
adopt a similar allometric-based perspective. On a broader scale, further investigations are needed to
fully understand the drivers of allometric scaling in trees. Working along gradients is one efficient way
of testing for the variations and drivers of tree and forest growth in the ongoing effort to formulate a
comprehensive theory. Additionally, our results highlight the importance of field-based studies that
allow for unforeseen changes in environmental conditions. As climate change intensifies, extreme
events such as droughts are projected to increase in a diffused manner [66], and field studies can
provide useful data on tree responses to such disturbances.
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Abstract: A Mediterranean holm oak forest was subjected to experimental partial rainfall exclusion
during 21 consecutive years to study the effects of the expected decrease in water availability
for Mediterranean vegetation in the coming decades. Allocation in woody structures and total
aboveground allocation were correlated with annual rainfall, whereas canopy allocation and the ratio
of wood/canopy allocation were not dependent on rainfall. Fruit productivity was also correlated
with annual rainfall, but only in Quercus ilex. In the studied site, there were two types of forest
structure: high canopy stand clearly dominated by Quercus ilex, and low canopy stand with more
abundance of a tall shrub species, Phillyrea latifolia. In the tall canopy stand, the allocation to woody
structures decreased in the experimental rainfall exclusion, but not the allocation to canopy. In the low
canopy stand, wood allocation in Quercus ilex was very small in both control and plots with rainfall
exclusion, but wood allocation in Phillyrea latifolia was even higher than that obtained in tall canopy
plots, especially in the plots receiving the experimental rainfall exclusion. These results highlight
likely future changes in the structure and functioning of this ecosystem induced by the decrease in
water availability. A serious drop in the capacity to mitigate climate change for this Mediterranean
forest can be expected, and the ability of Phillyrea latifolia to take advantage of the limited capacity to
cope with drought conditions detected in Quercus ilex makes likely a forthcoming change in species
dominance, especially in the low canopy stands.

Keywords: carbon sink; climate change; forest dieback; holm oak; Mediterranean forest; tree growth;
wood/canopy allocation

1. Introduction

The net primary productivity (NPP) allocation in different tissues is one of the best descriptors of
ecosystem functioning [1]. Every woody plant has a trade-off between resource allocation in canopy
structures (leaves, flowers, and fruits) or in woody structures (branches and stem). The fraction invested
in canopy structures will affect the production (and the consumption) of flowers and fruits, canopy leaf
area, their photosynthetic capacity, litter through fall, and its decomposition by soil organisms [1]. The
fraction invested in woody structures will be more related to the growth of vegetation and its capacity
to ameliorate climate change due to atmospheric CO2 uptake [2]. Variations in wood/canopy allocation
could drive important changes in ecosystem functioning and services. Several factors contribute to the
variation in resource allocation in trees: tree age [3], stand structure, environment in which the tree
develops [4–6], silvicultural treatments [7,8], ontogeny, and many other factors [6,9].

Water availability is the main limiting factor for plant productivity in some semiarid ecosystems
such as Mediterranean forests, where dry season coincides with the hot summer. For these
Mediterranean areas, higher rates of evapotranspiration are induced by higher air temperatures with
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no increase in precipitation [10]. Furthermore, an increase in the frequency of extreme droughts [11]
and heat waves [12] is forecasted for these areas. The Mediterranean forest, seasonally exposed to
water stress, is often particularly vulnerable to a decrease in water availability, which can induce
reductions in stem growth [13,14], defoliation [15,16], tree mortality, and forest dieback [17–22].

The effect of climate change on ecosystem functioning is quite uncertain, but changes in woody
and canopy allocation could be a key factor determining some variations of ecosystem structure and
functioning because how carbon is allocated in different tissues determines how long carbon remains in
plant biomass and thus remains a central challenge for understanding the global carbon cycle [23]. For
example, if carbon allocation in tissues with long turnover time (such as stem and branches) decreases
and carbon allocation in tissues with short turnover time (leaves, flowers, and fruits) proportionally
increases, the function of atmospheric CO2 sinks and its capacity to ameliorate climate change will
strongly decrease.

Climate manipulating experiments have the potential to verify ecosystem responses when it is
subjected to continuous climate change [24–26]. Furthermore, long-term experiments could highlight
the usual dampening effect size of treatments reported in global-change experiments [27]. As a result,
the use of experiments simulating the environmental conditions projected by models of global change
as long as possible is the best tool to study long-term climate change effects on natural ecosystems. The
Mediterranean forest studied here has been subjected to rainfall exclusion since 1999, and is one of the
longest ongoing climate manipulation experiments conducted in natural ecosystems in the world [26].

Plant development in Mediterranean forests is mainly limited by summer drought, and a future
decrease in water availability is projected in these ecosystems (about 15%) [13,14,21]. For these reasons,
we aimed to study the effects on carbon allocation in woody or canopy structures, derived from an
experimental 15% decrease in soil moisture. We also aimed to discuss the possible variations in the
structure and functioning of the Mediterranean forest as a consequence of these effects on carbon
wood/canopy allocation.

2. Materials and Methods

2.1. Study Site

The study was carried out on a south-facing slope (25%) in the Prades holm oak forest, in Catalonia,
NE Spain (41◦21′ N, 1◦2′ E; 930 m asl). This forest has not been perturbed during the last 70 years,
but as a result of ancient coppicing, the vegetation is a dense multi-stem forest (15.433 stems ha−1)
dominated by Quercus ilex L., with a high presence of evergreen tall shrub species such as Phillyrea
latifolia L (Appendix A Figure A1). In the forest distribution, there are two types of forest structure:
a tall canopy forest (8–10 m tall) clearly dominated by Q. ilex, and a low canopy forest (4–6 m tall)
with more abundance of P. latifolia. Different soil depths determined different water and nutrient
availability and this different forest structure [28]. Eight 15 × 10 m plots were delimited at the same
altitude along the slope (four in the tall canopy area and another four in the low canopy area). In four
of these plots (two in the tall canopy area and another two in the low canopy area) a partial rainfall
exclusion system was installed, whereas the other four plots were control. The partial rainfall exclusion
treatment consisted of transparent PVC strips installed 1 m above ground level and covering ca. 30%
of the plot surface, as shown in Figure A1; these PVC strips also covered a buffer of 2 m above and
below the plot area. Soil moisture in these drought plots was on average 15% smaller than in control
plots during the overall studied period [21].

2.2. Carbon Allocation Measurements

Before the start of the experiment and outside the plots, different sizes of 10 Q. ilex and 10 P.
latifolia trees were cut (covering the range of stem sizes of trees from the experimental plots). The
circumference of each stem at 50 cm height was measured with a metric tape, and after that, each
stem was cut from the base and all the aboveground biomass was dried in an oven at 105 ◦C for
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enough time to reach constant weight. For each species, allometric relationships between the stem
circumference and the weight of dry leaves and total aboveground dry biomass were determined,
and these allometric relationships were used to estimate total aboveground and leaf biomass of all
stems from the plots (Table A1). Every winter, the circumference at 50 cm height of all stems from the
experimental plots was measured, and the aboveground and leaf biomass of all species per plot was
estimated using the allometric relationships. We estimated annual wood net primary productivity
(Wood NPP) from the difference of the total aboveground biomass increment and the leaf biomass
increment during the overall studied period (1999–2019).

In each plot, 20 baskets (27 cm diameter, and with a 1.5 mm mesh inside them) were randomly
placed on the ground (Figure A1). The litter that fell in the baskets was collected every two months
and separated per species and litter fraction (leaves, flowers, and fruits). Finally, the litter was weighed
after drying in an oven at 70 ◦C. Litter collected in the baskets for one year was used to estimate
total flower, fruit, and leaf production per species and plot; it was assumed that all fallen leaves were
replaced by new ones. The canopy net primary productivity (canopy NPP) was estimated as the sum
of all fallen leaves, fruits, and flowers, and the aboveground net primary productivity (ANPP) was
estimated as the sum of annual wood NPP and canopy NPP.

2.3. Statistics

General linear models were performed to test the effect of climatic conditions and rainfall exclusion
treatment on ANPP, wood NPP, canopy NPP (flower and fruit production and leaf replacement), and
the proportion of wood allocation in relation to canopy allocation (wood/canopy allocation). For each
type of canopy plot, several analyses of variance (ANOVAs) were conducted with the percentage
of ANPP, wood NPP, canopy NPP (related to the initial biomass per species and plot at the start
of the experiment), and wood/canopy allocation as dependent variables, and species (only the two
dominant species, Q. ilex and P. latifolia, were considered separately) and rainfall exclusion treatment as
independent factors. Other ANOVAs were conducted with each fraction of canopy NPP as a dependent
variable, and species, rainfall exclusion, and type of canopy as independent factors. Analyses of
covariance (ANCOVAs) were performed with ANPP, wood NPP, canopy NPP, and wood/canopy
allocation as dependent variables; species, canopy type, and rainfall exclusion treatment as independent
factors; and mean annual temperature and total annual rainfall as covariates. Finally, linear regressions
with the same variables were conducted to determine the effect of annual climatic conditions on each
dependent variable. The proportions of ANPP, wood NPP, and canopy NPP (p) were arcsin p0.5

transformed to reach the assumptions of a normal distribution. All statistical analyses were performed
with the Statistica 12 software package (StatSoft Inc., Tulsa, OK, USA).

3. Results

3.1. Climate and Productivity

3.1.1. Climatic Data

Mean annual temperature was on average 12.38 ◦C and mean annual precipitation 619 mm during
these 21 years of experiments at the studied site (Figure A1). Both temperature and rainfall fluctuated
a lot depending on the year. For example in 2015, the highest mean temperature (13.25 ◦C) and also
the lowest precipitation (355 mm) were recorded. On the contrary, the coldest year, 2010 (10.98 ◦C),
coincided with the second wettest year (902 mm, just below the 1021 mm corresponding to year 2018)
(Figure A2).

3.1.2. Relationships between Productivity and Climatic Conditions

Forest wood NPP and total ANPP were positively correlated with annual rainfall (p < 0.01 and
p = 0.05 for wood NPP and ANPP, respectively), but there was no significant relationship between
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canopy NPP or wood/canopy allocation and annual rainfall (Figure 1), and none of the wood NPP,
canopy NPP, wood/canopy, or ANPP variables were significantly correlated with mean annual
temperature. There was a trend of wood NPP inversely correlating with temperature (p = 0.1) (Figure 1).
When both dominant species were analyzed separately, the wood NPP of both species was correlated
with annual rainfall (p < 0.05), and Q. ilex ANPP was positively correlated with annual rainfall
(p < 0.05) (Figure 2) but not with mean annual temperature. However, neither the canopy NPP nor the
wood/canopy allocation ratio were correlated with meteorological data. Finally, ANPP was correlated
with annual rainfall (p < 0.05) in Q. ilex, but not in P. latifolia (Figure 2). The meteorological data also
determined the fruit allocation, which was correlated with annual rainfall only in Q. ilex (p < 0.05)
(Figure 3).

Figure 1. Linear relationships between average net primary productivity (NPP) values (wood NPP,
canopy NPP, aboveground net primary productivity (ANPP), and wood/canopy allocation) and
meteorological data (annual rainfall and mean annual temperature) of all species analyzed together.
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Figure 2. Linear relationships between wood NPP and ANPP values, and annual rainfall in the two
dominant species of the studied forest.

Figure 3. Linear relationships between fruit allocation and annual rainfall in the two dominant species
of the studied forest.

The effect of annual rainfall on the studied variables was similar in plots located in tall and low
canopy areas, and also in control and plots with the partial rainfall exclusion system.

3.2. Productivity Allocation in Different Forest Stands

3.2.1. Net Primary Productivity Allocation

The average ANPP of the studied forest during the entire studied period was 3.6 Mg ha−1 y−1.
About one third of this ANPP corresponded to wood NPP (1.2 Mg ha−1 y−1), and about two thirds of
the total ANPP corresponded to canopy NPP (2.4 Mg ha−1 y−1), so wood/canopy allocation was on
average 0.56 Mg ha−1 y−1. ANPP was higher in tall canopy plots than in low canopy plots (4.0 and
3.2 Mg ha−1 y−1, respectively) (p < 0.01), but the wood/canopy allocation ratio was similar in both
canopy-type plots. When ANPP was examined in relation to the previous aboveground biomass in
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each plot, Q. ilex experienced a similar percentage of ANPP in both tall and low canopy plots, but
ANPP in P. latifolia was relatively higher in low canopy plots (p < 0.05).

3.2.2. Net Primary Productivity Allocation in Tall Canopy Forest Stand

In tall canopy plots, the percentage of wood NPP was similar in both species, but the partial
rainfall exclusion reduced wood NPP in both species (p < 0.05) (Figure 4). The percentage of canopy
NPP was higher in P. latifolia than in Q. ilex (p < 0.01). As a result of this, the percentage of ANPP was
also higher in P. latifolia (p < 0.05) (Figure 4). In these tall canopy plots, wood/canopy allocation was
higher in Q. ilex than in P. latifolia (p < 0.01), and this wood/canopy allocation ratio decreased in both
species when submitted to rainfall exclusion treatment (p = 0.01) (Figure 4).

Figure 4. Average percentage of wood NPP, canopy NPP, ANPP, and wood/canopy allocation of the
two dominant species in control and plots with partial rainfall exclusion (drought plots), located in the
tall canopy stand. Depicted data correspond to the NPP during the overall studied period (1999–2019).

3.2.3. Net Primary Productivity Allocation in Low Canopy Forest Stand

In low canopy plots, the percentage of wood NPP and the percentage of canopy NPP were higher
in P. latifolia than in Q. ilex (p < 0.05 and p < 0.01 for wood NPP and canopy NPP, respectively), and as a
result of this, the percentage of ANPP was also higher in P. latifolia than in Q. ilex (p < 0.01) (Figure 5).
In low canopy plots, there was no significant difference between both species and plots with different
treatment for the wood/canopy allocation (Figure 5). Surprisingly, the only significant effect of rainfall
exclusion was an increase of ANPP in P. latifolia (Figure 5).
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Figure 5. Average percentage of wood NPP, canopy NPP, ANPP, and wood/canopy allocation of the
two dominant species, in control and plots with partial rainfall exclusion (drought plots), located in the
low canopy stand. Depicted data correspond to the NPP during the overall studied period (1999–2019).
*: significant.

4. Discussion

A decrease in water availability usually drives lower carbon allocation in stem and branches
compared to the allocation in roots and canopy [29]. In our experiment, wood allocation decreased
during the drier years, especially in Q. ilex. In plots located in the tall forest stand, where water
availability is not as limited as in low canopy stand, rainfall exclusion decreased wood allocation in
both studied species, as expected, whereas no effect was observed in canopy allocation; as a result,
wood/canopy allocation decreased in both species. In the low forest stand, wood and canopy allocation
were very low in Q. ilex in both control and rainfall exclusion plots, showing that growth in this species
is seriously constrained by the low water availability of this low canopy stand. In contrast, P. latifolia
seemed to be more able to obtain an advantage from the decay of Q. ilex, because P. latifolia experienced
larger wood and canopy allocation in the low canopy stand and even larger allocation in plots with
rainfall exclusion as a result of the decrease in stem density induced by the tree mortality observed in
Q. ilex [20,21]. As observed in previous studies conducted at the same experimental site, P. latifolia was
better able to cope with drought conditions than Q. ilex [13,14,21].

Analyzing the fruit production, once again Q. ilex was more dependent than P. latifolia on water
availability, because fruit allocation decreased when annual rainfall decreased in Q. ilex, but not in P.
latifolia. Despite a slight decrease of Q. ilex fruit production in rainfall exclusion plots detected during
the first years of study [30], this effect disappeared with time, and globally there was no effect of
rainfall exclusion on fruit allocation during the overall studied period [31], in contrast with what was
observed in another rainfall exclusion experiment where Q. ilex acorn production decreased in plots
with rainfall exclusion [32]. However, rainfall exclusion exerted a decrease in wood growth of Q. ilex,
but not in P. latifolia, so the more drought-sensitive species, Q. ilex, was able to maintain fecundity by
shifting allocation of resources away from growth [31].

Our results highlight a strong decrease in the capacity of Mediterranean forest to mitigate climate
change induced by future limitations in water availability, because of the high decrease in wood
growth. However, this forest seems to be able to maintain leaf turnover and the production of flowers
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and fruits. Moreover, our estimation of wood allocation was provided from stem radial growth, but
sometimes water scarcity could decrease wood density in tree rings instead of radial growth [33], as
observed in Q. ilex [34]. If water scarcity also drives lower wood density, the decrease in wood resource
allocation could be even greater than that detected in our experiment. The allocation to fine roots
is another fraction of resource allocation competing with wood and canopy allocation, and fine root
allocation could be more variable depending on water availability than wood and canopy allocation [1].
We reported the effects of rainfall exclusion in aboveground biomass allocation, but there is a lack of
any estimation about the allocation to fine roots. Usually, water scarcity enhanced the growth of fine
roots [1]. Another experiment conducted near the study site also reported shorter fine-root longevity
in Q. ilex when water availability decreased [35], so more resource allocation is needed to restore
dead roots. We did not measure how much is lost in the form of volatiles, root exudates, mycorrhizal
associations, consumption by animals, and dissociated dead parts [36]. Previous measurements
conducted at the same experimental site highlighted a decrease in volatile organic compound (VOC)
emission under heavy drought in Q. ilex, whereas no VOC emission decrease was observed in P.
latifolia [37]. It was also observed in Q. ilex, that 21 consecutive days of rainfall exclusion increased 21%
root exudates compared to well-watered conditions [38]. Despite these changes in resource allocation
described before, other authors reported higher plant ability to alter organ morphology, such as specific
leaf area (SLA), to cope with climatic variations than to adjust allocation [6].

The small values of wood allocation described in Q. ilex trees from low canopy plots and the
high wood and total aboveground allocation in P. latifolia in the same plots are in agreement with the
defoliation and tree mortality observed in Q. ilex in the same study area when it is subjected to severe
drought conditions [20,21], and highlight the ability of P. latifolia to take competitive advantage of Q.
ilex decay. In the low canopy stand, Q. ilex cannot actually adjust the allocation of resources more
to wood structures to cope with the drier conditions posed by climate change. The dominant tree
species of this Mediterranean forest, Q. ilex, is currently starting to be replaced especially in the low
canopy stand by P. latifolia, which is more adapted to the current and forthcoming drier and hotter
conditions [13,14,21].

5. Conclusions

Increasing water deficits characterized by lower soil moisture and higher atmospheric aridity are
leading to several changes in the ecosystem functioning of the Mediterranean forest, such as a dramatic
decrease in the capacity to mitigate climate change, but it seems that this forest will be able to maintain
leaf turnover and the production of reproductive structures. However, if current climate evolution
leads to forest dieback, as is occurring in Q. ilex in the low canopy stand, the maintenance of the
production and dispersion of seeds will be not enough to compensate for Q. ilex decay. A progressive
substitution of the species most sensitive to water scarcity (Q. ilex) by other species more adapted to
drought (such as P. latifolia) is expected, and it may transform the current Mediterranean forest to a tall
shrubland, with different species composition and different ecosystem behavior and services [39].
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Appendix A

Table A1. Allometric relationships between total aboveground biomass (AB) and total biomass of
leaves (LB) from stem diameter at 50 cm height (D50), in Q. ilex and P. latifolia.

Species Total Aboveground Biomass Total Biomass of Leaves

Quercus ilex ln AB = 4.900 + 2.277 ln D50 ln LB = 3.481 + 1.695 ln D50

Phillyrea latifolia ln AB = 4.251 + 2.463 ln D50 ln LB = 1.433 + 2.426 ln D50

Figure A1. View of the study site and its localization, and view of the partial rainfall exclusion treatment
installation and litter collectors. The PVC strips were only placed in plots subjected to partial rainfall
exclusion, whereas litter collector baskets were placed in all plots.
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Figure A2. Mean annual temperature and annual rainfall values of the study site during the overall
duration of the experiment.
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Abstract: Based on a generated database of 413 sample plots, with definitions of stand biomass of
the genus Populus spp. in Eurasia, from France to Japan and southern China, statistically significant
changes in the structure of forest stand biomass were found, with shifts in winter temperatures and
average annual precipitation. When analyzing the reaction of the structure of the biomass of the
genus Populus to temperature and precipitation in their transcontinental gradients, a clearly expressed
positive relationship of all components of the biomass with the temperature in January is visible.
Their relationship with precipitation is less clear; in warm climate zones, when precipitation increases,
the biomass of all wood components decreases intensively, and in cold climate zones, this decrease is
less pronounced. The foliage biomass does not increase when precipitation decreases, as is typical
for wood components, but decreases. This can be explained by the specifics of the functioning of
the assimilation apparatus, namely its transpiration activity when warming, and the corresponding
increase in transpiration, which requires an increase in the influx of assimilates into the foliage, and
the desiccation of the climate that reduces this influx of assimilates. Comparison of the obtained
patterns with previously published results for other species from Eurasia showed partial or complete
discrepancies, the causes of which require special physiological studies. The results obtained can be
useful in the management of biosphere functions of forests, which is important in the implementation
of climate stabilization measures, as well as in the validation of the results of simulation experiments
to assess the carbon-deposition capacity of forests.

Keywords: genus Populus spp.; regression models; stand biomass; biomass structure; climate change;
average January temperature; average annual precipitation
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1. Introduction

Active human economic activity has led to significant global changes in the functioning of the
biosphere, and the observed climate warming has had a significant impact on the vegetation cover
of the planet [1,2]. If earlier, the problems of assessing climate impacts on vegetation had a regional
character [3], then in recent decades it has become clear that the problem has reached a global, general
planetary level, and largely determines the future fate of human civilization [4,5]. Mapping the
distribution of net primary production (NPP) over the surface of the planet, by extrapolating empirical
NPP data obtained from forest sample plots to large areas of biomes [6,7] or to latitude gradients [8,9]
does not allow for making any predictions of changes in the climate-NPP system. The same can be
said about the common planetary patterns of distribution of NPP harvest data by gradients of average
temperatures and precipitation [10].

Due to current climate changes, priority is given to changing the biomass and NPP of forest
ecosystems under the influence of average temperatures and precipitation. Similar studies are
performed at both a regional [11–13] and transcontinental [14,15] levels. Their implementation,
especially in the latter case, is one of the problems that constitute the subject of biogeography [16].
The forest, as we know, is a geographical phenomenon [17], and in view of the topic indicated in the
title of this work, it is important for us to identify the geographical aspects of the biomass of forest
ecosystems, i.e., to make a choice in favor of those geographical characteristics that determine the
distribution of forest biomass on the territory of a particular continent.

However, the biomass of a stand represented by a particular tree species is primarily determined
by its age and morphological (taxation) structure, i.e., a set of characteristics such as age, mean
height, mean diameter at breast height, the basal area, and the volume stock, which are interrelated.
The problem of multicollinearity arises in empirical modeling of biomass. One of the solutions to the
problem is to harmonize the system by constructing recursive (recurrent, related) equations, in which
the dependent variable of the previous equation is included as one of the independent variables of
the subsequent one [18]. This approach provides a multivariate conditionality of factors that provide
flexibility and universality of the regression system describing the dynamics of biomass of stands.

To account for the geographical effect in this recursive system, each equation of the system
must be supplemented with corresponding regressors. One possible option is to introduce dummy
variables [18] that encode the regional affiliation of the harvest data [11,18,19] as one of the methods
for model harmonization [20]. The disadvantage of such equations is that they only take into account
the geographical shifts of the desired variables by the value of the interception term. It is assumed
that the regression coefficients in such cases are unchanged by region, which is not true. The second
option is to include indices of natural zoning and continentality of climate in the equations of the
system [21], using the basis that changes in vegetation cover occur both in the latitudinal direction
due to changes in the PhAR [22], and in the meridional direction due to changes in the continentality
of climate [23]. Therefore, models of the phytomass of trees and plantings have been developed,
including their mass-forming indices as independent variables, as well as indices of natural zoning
and climate continentality [21]. However, such models do not provide an answer to the question of
in which direction the biomass structure of a particular tree species may change with the expected
change in air temperature or annual precipitation. The use of evapotranspiration as a combined index
in the assessment of tree production is futile, since it explains only 24% of its variability compared
to 42%, which provides the relation to mean annual precipitation, and compared to 31%, which
provides the relation to mean annual temperature [24]. It is assumed that orography, soil water balance,
PhAR, and climate continentality are indirectly reflected in the territorial features of temperatures
and precipitation.
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Studies of forest stand biomass at the transcontinental level, performed for five species from
Eurasia, showed that changes in their biomass due to temperatures and precipitation are species-specific,
i.e., they differ between species in the total biomass [25]. If we adhere to the concept of species-specific
responses of forest biomass to changes in the main climatic characteristics, then when we reach
the transcontinental level, we are faced with the obvious fact that no species grows throughout the
continent, precisely because of regional climate differences. Moving from refuges under the influence
of geological processes and climate changes, a particular species adapted to changing environmental
conditions, forming a series of vicariate species within the genus [26,27]. This gives grounds for
analyzing the response of tree species to changes in climate characteristics, to combine them into
one climate-dependent set within the entire genus, since differences in ecological and physiological
properties of different species of the genus, for example, Populus tremula vs. P. trichocarpa vs. P. pruinosa
are derived from regional climatic features.

Eurasia is the largest continental area on Earth, located primarily in the Northern and Eastern
Hemispheres, it is bordered by the Atlantic Ocean to the west, the Pacific Ocean to the east, the Arctic
Ocean to the north, and by Africa, the Mediterranean Sea, and the Indian Ocean to the south. Eurasia
covers around 55,000,000 square kilometers (21,000,000 sq mi), or around 36.2% of the Earth’s total land
area. The landmass contains well over 5 billion people, equating to approximately 70% of the human
population. The unique size and complexity of the natural conditions differentiate Eurasia from the rest
of continents. No continent has such an original history of paleogeographic development. Structural
differences are reflected in the features of the morphological structure. In the territory of Eurasia
there are the highest mountain systems, vast highlands, plateaus, and plains. Climatic and landscape
conditions are no less diverse. Here you can trace all the geographical zones that are characteristic of
the land of the globe from the icy deserts in the North to the humid equatorial forests in the South [28].

In our work, we made the first attempt to study transcontinental trends in the structure of biomass
of the genus Populus spp., formed under the influence of geographically distributed temperatures
and precipitation in the territory of Eurasia. Across the Northern Hemisphere, this genus plays a
disproportionately important role in promoting biodiversity and sequestering carbon. It is illustrative
of efforts to move beyond single-species conservation worldwide. The genus Populus is valued for many
reasons, but one highlights their potential as key contributors to regional and global biodiversity [29].
A tremendous need for paper, cardboard, and board materials open almost unlimited opportunities
for the economic use of this genus’ wood. By density and cellulose content, poplar wood does not
come up short compared to the coniferous species. Despite the slightly shorter wood fiber of poplar in
comparison to spruce, modern technologies make the first class production of paper, cardboard, and
wood board materials out of this “disgraced” species possible. Today, however, the genus Populus is
an example of a particularly evident disparity, between the potential organic matter production in
plantations, and its actual implementation in the boreal natural forests [30].

2. Objects of Research

To analyze geographical patterns of biomass distribution in Eurasian forests formed by stands of
the genus Populus spp., from the author’s database of eight thousand sample plots [31], the materials
of 413 determinations with the data of the biomass structure were used. These biomass data were
presented in different components (stems, branches, foliage, and roots). The distribution of sample
plots with biomass data of the genus Populus spp. on the map-scheme of Eurasia is shown in Figure 1,
and according to tree species and countries, in Table 1.
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Figure 1. Allocation of sample plots with biomass (t/ha) determinations of 413 Populus forest stands in
the territory of Eurasia.

Table 1. Distribution of plots with determinations of Populus biomass (t/ha) by species and countries.

Species Botanical Name Country Plot Quantity

Quaking aspen Populus tremula L. Russia, Ukraine, Kazakhstan,
Estonia, Belarus 188

David′s aspen P. davidiana Dode China, Japan 129

Californian poplar P. trichocarpa Torr. &
A.Gray ex Hook.

France, Austria, Belgium,
Netherlands 37

Poplar larrity P. laurifolia Ledeb. Russia 12

White poplar P. alba Ledeb. Russia, Kazakhstan 10

Poplar «Robusta» Populus × euroamericana Ukraine 10

Asiatic poplar P. euphratica Olivier China 9

Hybrid Populus hybrid Japan 8

Poplar berry-bearing P. deltoids W. Bartram ex
Humphry Marshall China 6

Black poplar P. nigra L. Russia 2

Bahala poplar Populus × bachelieri
Solemacher Bulgaria 1

Ploomy poplar P. pruinosa Schrenk Tajikistan 1

Total 413

3. Methods

As the plots for estimating biomass of forest stands were usually established in typical ′background′
habitats, which were representative in relation to this type of plant communities, one can make on their
basis a preliminary geographical analysis of biomass gradients of Populus forests. For an analytical
description of the geographic distribution patterns of the biomass productivity of forest cover, one must
choose the geographical characteristics of the territory of Eurasia that can be expressed by quantity
and measure.

The actual values of the biomass of 413 stands of the genus Populus (see Figure 1), based on the
known coordinates of the sample plots established, we superimposed on the maps of winter (January)
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temperatures and average annual precipitation distribution [32], and related them to the isolines of
the mentioned indices on the maps. In our case, the schematic map of the isolines of mean January
temperature, rather than that of the mean annual temperature, was used. With an inter-annual time
step, the predominant influence of summer temperature is quite normal [33]. However, against the
background of long-term climatic shifts for decades, the prevailing influence is acquired by winter
temperatures [34,35]. For example, Toromani and Bojaxhi [36] write: “Earlier studies has shown that
phytosynthesis is possible for Abies alba in winter, where high temperatures could play an important
role in improving carbohydrate storage and growth at following year. For species grown under a
Mediterranen climate high temperatures and low precipitation during growing season may cause
water stress, which is the main limiting factor for tree growth”.

We should keep in mind that winter temperatures in the Northern Hemisphere have increased
faster than summer ones during the 20th century [37–39]. In terms of regression analysis, a weak
temporal trend of summer temperatures compared to a steep trend of winter ones, means a smaller
regression slope and a worse ratio of residual variance to the total variance explained by this regression.
Obviously, taking the mean winter temperature as one of the independent variables, we get a more
reliable dependence having the higher predictive ability.

Then, the compiled matrix of harvest data (Table 2) were subjected to the common
regression analysis.

Table 2. A fragment of the original matrix of experimental data *.

A N V
Pi

Tm PRm
Ps Pb Pf Pa Pr Pt

40 0.790 208 89 5.5 2.40 98.0 21.6 119.6 −7 570
21 0.278 218 99.8 20.7 4.19 129.7 29.2 158.9 −3 570
12 12.54 62.5 34.8 4.45 1.91 41.2 15.0 56.2 −13 290
22 4.550 30 16.1 4.24 0.80 21.1 6.0 27.1 −13 290
49 0.650 284 113 22.5 3.07 138.6 57.0 195.6 −20 317
41 0.526 192 76.0 22.2 2.40 100.6 55.0 155.6 −18 250
78 0.518 200 88.83 28.37 4.99 127.7 38.79 166.5 −15 570
45 0.500 105 49.62 10.92 4.52 67.56 8.58 76.14 −26 570
78 0.666 185 103.1 45.44 8.75 163.9 37.8 201.7 −15 570
27 2.935 142 84.29 17.56 7.01 114.0 42.73 156.7 −9 820
68 1.244 223 102.4 22.44 7.43 138.5 51.47 190.0 −15 570
25 4.066 122 73.51 11.31 5.89 95.04 36.6 131.6 −15 570
40 1.062 224 99.81 32.82 7.69 146.6 45.47 192.1 −15 570
34 1.595 182 95.77 13.15 7.91 122.6 52.18 174.8 −10 444
50 1.510 163 75.11 22.44 6.21 108.4 34.26 142.7 −25 444
28 7.32 129 73.0 11.40 2.00 89.93 17.2 107.1 −15 570
37 2.913 153 86.65 18.56 6.27 116.7 41.79 158.5 −15 570
69 0.811 284 110.9 17.20 7.62 142.2 56.36 198.6 −26 444
58 1.188 124 61.47 16.79 3.66 85.63 27.24 112.9 −26 444
79 0.403 163 68.75 18.91 3.66 95.43 29.6 125.0 −26 444
38 4.255 121 73.56 11.79 6.19 95.95 38.21 134.2 −15 570
68 1.822 234 117.3 30.29 7.23 162.0 54.8 216.8 −26 444
29 2.000 61 34.42 16.31 2.77 55.88 16.57 72.45 −5 826
39 2.774 62 37.92 8.72 3.00 58.27 9.41 67.68 −5 826

* A = stand age, y; V = stem volume, m3/ha; N = tree density, 1000/ha; i = index of biomass component: total wood
storey (t), aboveground wood storey (a), underground wood storey, or roots (r), stem over the bark (s), foliage (f ),
and branches (b); PRm =mean annual precipitation, mm; Tm =mean January temperature, ◦C.
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The basic principles of modelling and the results obtained by means of regression analysis should
have an ecologic-geographical interpretation. The biological productivity of forests is dependent on
climatic factors, but only as a first approximation, since there are ontogenetic, cenotic, edaphic, and
other levels of its variability. Therefore, we included in the regression equations the independent
variables explaining the variability of the dependent variable, expressing not only with climatic
parameters but also with forest age, tree density, and stem volume.

As the mean January temperature in the northern part of Eurasia has negative values, the
corresponding independent variable was modified to the form (Tm + 50). Then, the technique of
multiple regression analysis (http://www.statgraphics.com/for more information), according to three
blocks of recursive equations, was used: two blocks of mass-forming indices, N and V, and a single
block of biomass Pi (arrows show the sequence of calculations)

lnN = a0 + a1(lnA) +a2[ln (Tm + 50)] + a3(lnPRm); (1)

lnV = a0 + a1(lnA) + a2(lnN) + a3 [ln (Tm + 50)] + a4(lnPRm); (2)

lnPi = a0 + a1(lnA) + a2(lnV) + a3(lnN) + a4[ln(Tm + 50)] + a5(lnPRm) (3)

4. Results and Discussion

The results of the calculation of Equations (1)–(3) are listed in the Table 3. Only the variables that
are significant at the level of probability of P95 and above are showed in this table. The equations
were tabulated in the sequence illustrated by the arrows. The results of tabulating the models in the
sequence of Equations (1)–(3) present the rather cumbersome table. We took from it the values of the
component composition of the biomass of the Populus forests of the age of 50 years and built 3D-graphs
of their dependence upon temperature and precipitation (Figure 2).

Table 3. Characteristics of biomass Equations (1) to (3).

Dependent
Variables

Coefficients and Independent Variables
adjR2 ** SE ***

a0 * a1(lnA) a2(lnV) a3(lnN) a5[ln(Tm + 50)] a6(lnPRm)

ln(N) 10.7307 −1.2994 - - −2.4045 0.4747 0.623 0.74
ln(V) 5.9573 0.3617 - −0.2589 0.5288 −0.6169 0.534 0.47
ln(Ps) −1.8923 0.2068 0.9123 0.0646 0.0764 0.0811 0.963 0.17
ln(Pb) −2.8796 0.2421 0.5520 −0.0537 0.3792 0.0678 0.675 0.44
ln(Pf) −4.0545 0.0070 0.4127 0.1332 −0.0589 0.5272 0.522 0.38
ln(Pr) −3.5174 0.0497 0.7113 0.0563 0.2306 0.3533 0.720 0.35
ln(Pa) −1.2511 0.1782 0.8183 0.0463 0.0984 0.0960 0.955 0.17
ln(Pt) −1.1022 0.0477 0.7969 0.0486 0.1467 0.1849 0.918 0.18

* The constant corrected for logarithmic retransformation by [40]; ** adjR2 = determination coefficient adjusted for
the number of variables; *** SE = standard error of the equations.

When analyzing the reaction of the biomass structure of the genus Populus to temperature and
precipitation in their transcontinental gradients, a clearly expressed unambiguous positive relationship
of all components of the biomass with the average temperature of January is seen. Their relationship
with precipitation is less clear; in warm climate zones (Tm = 0 ◦C), when precipitation increases the
biomass of all wood components decreases most intensively, and in cold climate zones (Tm = −40 ◦C)
this decrease is expressed to a much lesser extent.
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Figure 2. Dependence of Populus ecosystems of Eurasia upon the mean January temperature (Tm) and
mean annual precipitation (PRm). Abbreviations: Pt, Pa, Ps, Pr, Pf, Pb are, respectively, biomass of:
total wood storey, aboveground, stems (wood and bark), roots, foliage, and branches, t/ha.

It is interesting to compare the obtained patterns of changes in the total biomass of the genus
Populus with previously published results for other forest-forming species of Eurasia, obtained using a
similar methodology [25]. The increase in the total biomass of Populus during the transition from cold
to warm regions was confirmed earlier for Larix spp., Picea spp., Abies spp., and Betula spp. However,
the decrease in the total biomass as precipitation increases was confirmed only in larch, whereas in
spruce, fir, and birch, the dependence is the opposite of that established for Populus. The specific pattern
of the change in the total biomass was obtained for two-needled pines Pinus L.; its increase during the
transition from cold to warm regions was recorded only in regions with heavy precipitation, and with
the transition to water-deficit regions, the pattern changes to the opposite. If, in Populus and Larix,
the decrease in total biomass with the transition from water-deficient to moisture-rich regions was
observed in all thermal zones, then in two-needled pines (only in cold zones, and with the transition
from cold to warm climatic zones) this negative trend changes to the opposite.

We can see that the reaction of foliage biomass with increasing precipitation does not decrease,
as is typical for wood components, but increases (Figure 2). This is consistent with a similar situation
observed in Russian Siberia with respect to forest cover [41], where with a warming climate and a
simultaneous decrease in precipitation, the share of assimilation mass decreases, and the share of wood
components increases. This is explained by the specifics of foliage functioning, namely, its transpiration
activity when warming, and a corresponding increase in transpiration requires an increase in the influx
of assimilates into the foliage, while the desiccation of the climate reduces this influx of assimilates due
to a decrease in transpiration activity. Perhaps this phenomenon demonstrates the future scenario
of acclimatization of trees to the ongoing warming and changes in the water balance of territories.
However, in Canada’s forests, a contradictory result was obtained. If the January temperature and
humidity conditions of the growing season had a positive effect on the growth of Betula papyrifera
Marsh. and the growth of Picea mariana Mill., then Populus tremuloides Michx. might be the least
responsive species [42].

The patterns of biomass-amount change, under assumed changed climatic conditions (Figure 2),
are hypothetical. They reflect long-term adaptive responses of forest stands to regional climatic
conditions and do not take into account rapid trends of current environmental changes, which place
serious constraints on the ability of forests to adapt to new climatic conditions [43–49]. Climate changes
are manifested primarily in shifts in the phenology of a particular species, and are determined by the
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degree of species-specific phenotypic plasticity [50], which were not taken into account in our work,
and require special study.

The law of limiting factors [51] works well in stationary conditions. With a rapid change in limiting
factors (such as air temperature or precipitation), forest ecosystems are in a transitional (non-stationary)
state, in which some factors that were not significant may come to the fore, and the end result may be
determined by other limiting factors [52].

The main pool of biomass harvest data in Eurasia was obtained during the 1970s–1990s, and the
climate maps used, cover the period of the late 1990s–early 2000s. Some discrepancy between the two
time periods may cause some biases in the results obtained, but for such a small time difference in the
used data, the inclusion of compensatory mechanisms or phenological shifts in forest communities is
unlikely [47,48].

5. Conclusions

Based on a database of 413 sample plots, with definitions of forest biomass of the genus Populus
spp. in Eurasia, in the territory from France to the South of China and Japan, a statistically significant
increase in stem, aboveground, and underground biomass was found with an increase in winter
temperatures and a decrease in precipitation, especially in warm climate regions. In contrast to the
woody components of biomass, the mass of foliage, while increasing with warming, simultaneously
decreases with a decrease in precipitation, which is due to the specifics of the functioning of foliage,
namely, its transpiration activity.

Comparison of the results obtained for Populus showed that the regularities of Populus are repeated
only in Larix, and in other species, only partially. In our work, we can only state the species-specificity
of the reaction of various Eurasian species to changes in temperature and precipitation, but explaining
this specificity at the level of physiological processes is the task of the future.

The results obtained can be useful in the management of biosphere functions of forests, which is
important in the implementation of climate stabilization measures, as well as in the validation of the
results of simulation experiments to assess the carbon-deposition capacity of forests. They also provide
a preliminary idea of possible shifts in forest biological productivity indicators under the influence of
climate change.

Author Contributions: V.A.U.—analyzed the data, mathematical processing, prepared the manuscript;
B.C. contributed to the conceptualization of ideas, the methodology and the review of the manuscript;
S.O.R.S.—designed the study and the review of the manuscript; I.S.T.—mathematical processing, design;
V.P.C.—mathematical adjustment; S.A.A.—spelling edit. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (2018YFA0606001,2017YFA0604302,
2017YFC0503904,and 2017YFA0604301), an international partnership program of Chinese Academy of Sciences
(Grant 131A11KYSB20170025), a research project funded by the State Key Laboratory of Resources and
Environmental Information System (O88RA901YA) and a project funded by the National Natural Science
Foundation of China (41771114 & 41977404).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Halofsky, J.S.; Conklin, D.R.; Donato, D.C.; Halofsky, J.E.; Kim, J.B. Climate change, wildfire, and vegetation
shifts in a high-inertia forest landscape: Western Washington, U.S.A. PLoS ONE 2018, 13, e0209490. [CrossRef]
[PubMed]

2. Kosanic, A.; Anderson, K.; Harrison, S.; Turkington, T.; Bennie, J. Changes in the geographical distribution
of plant species and climatic variables on the West Cornwall peninsula (South West UK). PLoS ONE 2018,
13, e0191021. [CrossRef] [PubMed]

3. Glebov, F.; Litvinenko, V. The dynamics of tree ring width in relation to meteorological indices in different
types of wetland forests. Lesovedenie 1976, 4, 56–62.

62



Forests 2020, 11, 906

4. Tarko, A. Antropogennye Izmeneniya Global’nykh Biosfernykh Protsessov [Anthropogenic Changes of Global Biosphere
Processes]; Fizmatlit: Moscow, Russia, 2005.

5. Behrensmeyer, A.K. ATMOSPHERE: Climate Change and Human Evolution. Science 2006, 311, 476–478.
[CrossRef]

6. Bazilevich, N.; Rodin, L. Schematic Maps of Productivity and Biological Turnover of Elements in the main
Types of Land vegetation. Izvestiya Vsesoyuznogo Geograficheskogo Obshchestva 1967, 99, 190–194.

7. Rodin, L.E.; Bazilevich, N. Production and Mineral Cycling in Terrestrial Vegetation; Oliver & Boyd:
Edinburgh/London, UK, 1967.

8. Anderson, K.J.; Allen, A.P.; Gillooly, J.F.; Brown, J.H. Temperature-dependence of biomass accumulation
rates during secondary succession. Ecol. Lett. 2006, 9, 673–682. [CrossRef]

9. Huston, M.A.; Wolverton, S. The global distribution of net primary production: resolving the paradox.
Ecol. Monogr. 2009, 79, 343–377. [CrossRef]

10. Lieth, H. Modeling the Primary Productivity of the World. Ecol. Stud. 1975, 4, 237–263.
11. Fu, L.; Sun, W.; Wang, G. A climate-sensitive aboveground biomass model for three larch species in

northeastern and northern China. Trees 2016, 31, 557–573. [CrossRef]
12. Forrester, D.I.; Tachauer, I.; Annighoefer, P.; Barbeito, I.; Pretzsch, H.; Ruiz-Peinado, R.; Stark, H.; Vacchiano, G.;

Zlatanov, T.; Chakraborty, T.; et al. Generalized biomass and leaf area allometric equations for European tree
species incorporating stand structure, tree age and climate. For. Ecol. Manag. 2017, 396, 160–175. [CrossRef]

13. Zeng, W.; Duo, H.; Lei, X.; Chen, X.; Wang, X.; Pu, Y.; Zou, W. Individual tree biomass equations and growth
models sensitive to climate variables for Larix spp. in China. Eur. J. For. Res. 2017, 136, 233–249. [CrossRef]
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Abstract: Research Highlights: This research presents a novel approach for comparing structural carbon
allocation to tree growth and to climate in a dendrochronological analysis. Increasing temperatures
reduced the carbon proportion of wood in some cases. Background and Objectives: Our goal was to
estimate the structural carbon content of wood within hybrid white spruce (Picea glauca (Moench)
× engelmannii (Parry) grown in British Columbia, Canada, and compare the percent carbon content
to wood properties and climate conditions of the region. Specific objectives included: (i) the
determination of average incremental percent carbon, ring widths (RW), earlywood (EW) and
latewood (LW) widths, cell wall thickness, and density over time; (ii) the determination of differences
between percent carbon in individual forest stands and between regions; and (iii) the evaluation
of the relationships between percent carbon and climate variation over time. Methods: Trees were
sampled from twelve sites in northern British Columbia. Wood cores were analyzed with standard
dendrochronology techniques and SilviScan analysis. Percent structural carbon was determined using
acetone extraction and elemental analysis for 5 year increments. Individual chronologies of wood
properties and percent carbon, and chronologies grouped by region were compared by difference
of means. Temperature and precipitation values from the regions were compared to the carbon
chronologies using correlation, regression, and visual interpretation. Results: Significant differences
were found between the percent structural carbon of wood in individual natural and planted stands;
none in regional aggregates. Some significant relationships were found between percent carbon, RW,
EW, LW, and the cell wall thickness and density values. Percent carbon accumulation in planted
stands and natural stands was found in some cases to correlate with increasing temperatures. Natural
stand percent carbon values truncated to the last 30 years of growth was shown as more sensitive to
climate variation compared to the entire time series. Conclusions: Differences between the stands in
terms of structural carbon proportion vary by site-specific climate characteristics in areas of central
interior British Columbia. Wood properties can be good indicators of variation in sequestered carbon
in some stands. Carbon accumulation was reduced with increasing temperatures; however, warmer
late-season conditions appear to enhance growth and carbon accumulation.

Keywords: carbon allocation; carbon; forest growth; hybrid white spruce; climate; natural and
planted stands; wood density; wood cell wall thickness; tree rings

1. Introduction

Tree growth in both naturally occurring, and managed forests is a key process that influences
carbon balance in terrestrial ecosystems, that is subject to the impacts of environmental change.
The estimations of carbon content in tree stems are usually based on modelled data, calculated from
measured variables such as tree height and diameter at breast height (DBH), but can be enhanced
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with knowledge of wood density, carbon concentration, and wood volume [1]. It has been suggested
that wood density and cell wall thickness correlate with carbon sequestration; cellulose and lignin
are components of xylem cell walls, and thicker, denser cell walls should have greater proportions of
sequestered carbon [1–4]. However, the relationships between wood properties and sequestered carbon
are not well understood because past research has focused mainly on biomass (or allometric biomass
equations as determined from DBH and height measurements) instead of the direct measurements
of volatile and structural carbon [5,6]. Expanding knowledge of the variation in naturally grown
(hereafter referred to as ‘natural stands’) and managed plantation stands (‘planted stands’) and between
wood properties, such as density and cell wall thickness, and carbon could improve the projections of
carbon sequestration [1].

Forest growth, and the subsequent carbon accumulation, are strongly affected by changes in
the climate. Changes in the climate are predicted to cause deviations in tree photosynthetic and
respiration rates, increase disturbance, and increase tree mortality related to chronic drought [7–11].
Changes in the climate in British Columbia (BC), Canada, are predicted to include warmer and wetter
conditions, with increased maximum and minimum temperatures and a decreased depth and water
content of snowpack that will vary across the topographic landscape [12,13]. Over the next century,
substantial changes in the temperature and precipitation in central interior BC, particularly in the
spruce–willow–birch (SWB) and sub-boreal spruce (SBS) biogeoclimatic zones, are expected [12,14].
Increasing temperatures may push forests beyond growth sustainability thresholds, reducing the
amount of carbon dioxide uptake and carbon accumulation [15].

Tree-ring analysis was used to determine forest growth dynamics and has provided climate
variability information through radial growth and climate reconstructions [10,16]. Dendrochronological
techniques may also be used to enhance the understandings of relationships between above ground
carbon accumulation and the climate [17], as most carbon research relates to productivity based on
climate [18], biomass equations [19], and changes to forests after anthropogenic management [20,21].

This study aimed to determine: (1) the variations in the sequestered structural carbon of hybrid
white spruce (Picea glauca x engelmannii) in natural and planted stands over time; (2) how variations
in carbon relate to ring width (RW), earlywood width (EW), latewood width (LW), density and cell
wall thickness measurements at the annual scale; and (3) how variations in both carbon and wood
properties compare with changes in the temperature and precipitation in central interior BC.

2. Materials and Methods

Hybrid white spruce trees were selected from six natural (N1–N6) and six planted stands (P1–P6)
from areas of central interior BC (Figure 1 and Table 1). One group of six stands (N1–N3; P1–P3)
was selected from the John Prince Research Forest (FSJ), located north of the town of Fort St. James,
where each stand sampled was within 5 km of another. The second group of six stands (N4–N6;
P4–P6) were within 200 km from Prince George (PG) (Figure 1). The target sample sites were dominant
stands of hybrid white spruce naturally grown or planted approximately 40 years prior to sampling.
We described and classified the sites sampled according to BC’s Biogeoclimatic Ecosystem Classification
system [22]. The biogeoclimatic variant of each site, which describes the temperature and moisture
variation of the area in comparison to similar sites, was determined from each site characteristics,
including dominant vegetation, aspect and topography. PG stands were in the willow–wet–cool (wk1)
and very-wet–cool (vk1) variants of the Sub Boreal (SBS) biogeoclimatic zone, characterized by high
precipitation and cooler temperatures. FSJ stands were in the Stuart–dry–warm (dw3) variant of the
SBS zone, characterized by lower snow packs and warmer temperatures [23].
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Figure 1. Overview map of the natural (squares) and planted (triangles) hybrid white spruce stands
sampled for the study, near Prince George and Fort St. James, British Columbia, Canada.

Table 1. Site and stand characteristics of the natural (N1–N6) and planted (P1–P6) hybrid white spruce
research samples surrounding the John Prince Research Forest (FSJ) and Prince George (PG), collected
in 2016–2017. Note that not all the cores collected from the FSJ sites were suitable for analysis and one
12 mm core was collected in addition to the 5 mm cores. DBH = diameter at breast height.

Geographic Information Tree Characteristics

Site Latitude Longitude
Elevation

(m)
Slope

(%)
Mean Age

(Years)
Number of 5 mm

Tree Cores
Mean DBH

(cm)

F
S

J

N1 54 38′50.80 124 23′35.1 768 <2 101 40 27
N2 54 39′46.60 124 24′36.6 833 <5 119 35 39
N3 54 36′58.21 124 19′05.5 727 0 52 34 31
P1 54 38′47.50 124 23′68.2 801 0 28 40 18
P2 54 38′48.00 124 24′34.5 866 20 31 40 22
P3 54 38′14.17 124 20′05.5 802 0 25 36 19

P
G

N4 54 04′58.90 122 01′32.3 730 0 93 40 41
N5 54 46′33.90 121 29′14.6 1113 0 145 40 48
N6 54 01′01.00 122 24′54.5 707 0 154 40 32
P4 54 04′05.90 121 26′48.8 843 <5 30 40 26
P5 54 05′19.90 122 01′31.8 713 <10 30 40 28
P6 54 04′01.10 122 01′09.7 689 0 33 40 23

Twenty dominant trees in each stand were selected for sampling. Sampled trees were at least 5 m
apart to minimize spatial autocorrelation [24]. Trees with scars, fire or insect damage, split tops and
abnormal growth patterns were avoided to minimize growth abnormalities in the tree series collected.
Areas near roads or with open edges were also avoided to minimize non-climatic influences on tree
growth [16]. Four 5 mm cores were collected from each tree at breast height and spaced 90 degrees
around the stem (cores were collected at 30 cm aboveground for younger plantation trees). An additional
12 mm core from each tree was collected at the FSJ sites, from directly below one of the 5 mm cores.
Surrounding vegetation, slope, elevation, flowing or standing water, diameter-at-breast-height and
GPS site and tree location were recorded.

Of the 120 12 mm cores sampled in FSJ, 89 undamaged cores were selected for SilviScan analysis.
Resins were removed from the cores selected via 12 h Soxhlet acetone extraction [25,26]. After extraction,
the cores were conditioned at 40% relative humidity and 20 ◦C to obtain an 8% moisture content
equilibrium. Once at 8% moisture content, the cores were cut into 2 mm × 7 mm (tangential × radial)
pith-to-bark laths, using a twin-blade saw. Laths were analyzed using the SilviScan system at
FPInnovations in Vancouver, BC, Canada. SilviScan analysis included (i) the image analysis of
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radial and tangential cell dimensions using optical microscopy, (ii) X-ray densitometry to provide
measurements of wood density every 25 microns along the wood samples, and, (iii) X-ray diffractometry
yielding measurements of microfibril angle at 5 mm increments [27].

The four 5 mm increment cores from FSJ and PG were dried, labelled and cross-dated using the
Yamaguchi list method [28]. Two of the four 5 mm cores were sanded with progressively finer grit sand
paper, and were scanned using an Epson 1640XL flatbed scanner at 1200 DPI (dots per inch) for the
visual assessment of RW, EW and LW widths with WinDendro image analysis. Each core was reviewed
to determine the accuracy of WinDendro RW, EW and LW auto-measurements, and corrections were
performed manually. The other half of the 5 mm cores from each site were cut into 5 year increments
(using only the last 30 years for the planted stands and 80 years for the natural stands) and processed
for structural carbon content analysis. Although one-year increments were initially sought, annual
increments did not provide enough wood mass for the percent carbon measurements. The 5 year
sections of 20 cores were grouped together for each site and were analyzed as an aggregate sample.
For example, all 20 cores’ sections with rings dating from 2010–2015 were grouped together to make
one sample for carbon analysis. The wet weights of the aggregated samples were measured, following
which the resins were extracted from samples using a Soxhlet acetone extraction, at 110 ◦C for 1.5 h.
Once dry, the sample dry weights were recorded, and the samples were ground into a powder with
a Wiley mill grinder. Four 4–5 mg replicates from each aggregate sample were created; each was
mixed with 10 mg of catalyst, valdium peroxide, and placed into a small container. Each replicate was
analyzed with the PerkinElmer 2400 Series II CHNS/O Elemental Analyzer (2400 Series II, PerkinElmer,
Waltham, MA, USA) yielding measurements of structural carbon content as a percentage of the total
dry wood matter. We averaged the replicate measurements of percent carbon content to obtain a mean
value for each 5 year segment. This process was repeated for each 5 year aggregate sample across the
chronology, and for all sites.

The individual mean, minimum, and maximum density and cell wall thickness measurements
were obtained from the SilviScan data of all the cores from natural and planted stands in FSJ only
(N1–N3; P1–P3), due to the cost of analysis. Annual RW, EW, LW, density and cell wall thickness
values from each core were averaged into 5 year increment values to correspond to 5 year carbon value
increments (i.e., 1937–1941 to 2012–2016). The 20 cores representing a stand were then averaged for
each 5 year interval to obtain the average stand-level chronologies of RW, EW, LW, density, and cell
wall thickness over the time series. Stand-level and regional-level percent carbon and average RW,
EW, LW and mean, minimum, and maximum cell wall thickness and density values were tested for
normality using skewness, kurtosis and Shapiro–Wilk values prior to statistical tests. Shapiro–Wilk
values for percent carbon were used to determine normality rather than skewness and kurtosis due to
small sample sizes. Data failing one test were assessed using histograms to determine the severity of
skew. Data failing all tests were transformed where possible or assumed non-normal. Data that were
unable to be normalized were removed from further analysis.

Several one-way ANOVAs with Bonferroni post-hoc (alpha = 0.05) tests were conducted to
determine the significant differences of mean percent carbon content between natural (N1 vs. N2
vs. N3) and planted stands (P1 vs. P2 vs. P3) (Table 2). Residuals of ANOVA tests were checked for
normality. Regional data sets were created for the natural and planted stands of percent carbon and
the mean, minimum and maximum density, and cell wall thickness, where no significant differences
existed, by combining the data from the three sites together. An independent t-test analysis was
conducted to determine if there was a significant difference between the regional data sets of mean
percent carbon content in the natural and planted stands (Table 2). Correlation statistics were calculated
for the regional data sets and natural and planted stand values, comparing the mean percent carbon
values to the average RW, EW, LW and mean, maximum and minimum density and cell wall thickness
values over time. We used a Pearson’s or Spearman Rank correlation coefficient (R) (Table 3).
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Historical climate information was obtained from the Adjusted Historical Canadian Climate
Data for Fort St. James, nearest meteorological station to FSJ sites (Station #1092970, Latitude
54◦45, Longitude-124◦25, 686 m elevation), and Prince George, nearest meteorological station to the
PG sites (Station #1096439, Latitude 53◦88, Longitude-122◦67, 680 m elevation). We investigated
the following climate variables: monthly mean temperature, total monthly precipitation, and the
winter (previous December, current January and February), spring (current March, April, May)
and summer (current June, July, August), and previous autumn (previous September, November,
December) seasonal averages. Random missing values within the climate data were calculated
by averaging four surrounding points or filled with modelled climate data from Climate BC (http:
//cfcg.forestry.ubc.ca/projects/climate-data/climatebcwna/) for large gaps in data. Temperature and
precipitation data were averaged into 5 year intervals for comparison with 5 year average percent
carbon data.

Table 2. ANOVA and t-test results (mean (standard deviation)) between the percent carbon (% C) of
natural (N1, N2, N3) and planted (P1, P2, P3) stands and the regionally averaged natural (N) and
planted (P) % C from stands in the John Prince Research Forest with Bonferroni (*) post hoc. Different
letters indicate significant differences among the groups (p < 0.05).

Stand Level Regional Level

% C (SD) * % C (SD) * % C (SD)

N1 45.34 a (0.87) P1 42.21 a (0.45) N 42.23 a (0.24)
N2 42.38 b (0.22) P2 44.11 b (0.62) P 41.89 a (0.73)
N3 42.06 b (0.59) P3 41.57 a (0.96)

Percent carbon measurements were correlated to the climate data (mean previous monthly
May–December and mean current monthly January–September, and the previous autumn, winter,
spring, and summer temperature and precipitation) values using Pearson’s correlation coefficient
(R) or Spearman’s Rank coefficient for non-parametric data that could not be normalized (Table 3).
In addition, correlation statistics were determined for the data from natural stands that were truncated
to the last 30 years of growth (N(X)trunc). Truncated natural stand chronologies were compared
with planted and entire natural stand chronologies. Partial correlation was used to determine the
spurious correlations when relationships between percent carbon were found to both temperature and
precipitation within the same months/seasons.
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Regression analysis was completed where the significant Pearson’s correlation coefficients were
detected to further elucidate the relationships between the variables investigated. Only significant
R2 > 0.40 are reported [29]. Values for carbon, modelled based on the meteorological measurements
were correlated back to the measured carbon values to verify the accuracy of the climate variable in
predicting carbon values. Coordination between the measured and modelled carbon values were also
visually assessed over time to determine the overall accuracy of the relationships modelled.

3. Results

3.1. Percent Carbon vs. Radial Growth Variables

Percent carbon was only determined for 30 years of growth for the planted stands and the
last 80 years of growth for the natural ones, which resulted in greater proportions of juvenile
wood in planted stand chronologies. Average carbon values for the PG natural stands ranged from
42.23% (+/−1.13) to 45.21% (+/−1.27), while we measured carbon values to range between 43.24%
(+/−0.75) and 41.24% (+/−0.38) for the PG planted stands. Percent carbon values for FSJ stands a
shared similar range to the PG stands (Table 2) and were further explored in comparison to the
wood properties.

Percent carbon FSJ chronologies were normally distributed. Average percent carbon was
statistically different among natural stands at a 5% confidence level (F = 144.97); post hoc comparisons
indicated that the mean percent carbon of N1 was significantly different from the mean percent
carbon of N2 and N3 (p < 0.0001) with no significant difference seen between N2 and N3 (p = 0.589)
(Table 2).

Planted stands showed statistically different percentages of carbon at a 5% confidence level
(F = 20.98); post hoc comparisons indicated that the mean percent carbon of P2 was significantly
different from mean percent carbon of P1 and P3 (p < 0.0001) with no significant difference between the
P1 and P3 (p = 0.401) (Table 2). Independent sample t-test results indicated no significant difference
between regional-level mean percent carbon of natural stands (average of N2 and N3) and the planted
stands (average of P1 and P3) (t = 1.950, p-value = 0.070, two-tailed) in FSJ (Table 2).

Percent carbon and wood properties were significantly correlated over time in stands N2, N3, and P1
(Figure 2). Relationships between the wood properties and percent carbon values by site are shown
in Figure 2. Pearson(P) and Spearman Rank(S) correlations statistics determined significant correlations
(** p = 0.01; * p = 0.05) between the percent carbon and wood properties over time in stands N2, N3, and P1
as follows: C vs. RW = 0.691 ** (N2); −0.855 ** (P1); C vs. EW = 0.624 ** (N2); C vs. LW = 0.602 **
(N2); C vs. MeanD = −0.592 * (N2); C vs. MinD = −0.674 ** (N2); C vs. MaxD = 0.712 ** (N2); C vs.
MeanCWT = −0.688 ** (N2); C vs. MinCWT = −0.623 * (N2); −0.673 * (N3); C vs. MaxCWT = −0.712 **
(N2) (Figure 2).
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Figure 2. Comparison between the average percent (%) carbon (C) and ring width (RW), earlywood
(EW), latewood (LW), and mean maximum minimum cell wall thickness (CWT) (μm) and density (D)
(kg/m3) values of the natural (N1, N2, N3) and planted (P1, P2, P3) hybrid white spruce stands depicted
by colour and shape. Each point represents a 5 year average within each series for the percent carbon
and wood properties. Note that not all the axes are at the same scale.

3.2. Percent Carbon vs. Climate

Climate conditions recorded at the FSJ and PG weather stations have changed over the last
100 years. Historical climate records indicate that the mean annual precipitation has ranged from
282–770 mm in FSJ, and 368–934 mm in PG. Average annual precipitation and annual average
temperatures have been recorded as 465 mm and 2.8 ◦C for FSJ, and 633 mm and 3.7 ◦C for PG.
Mean average temperature has increased since 1920 by 1.2 ◦C and 0.4 ◦C in Fort St James and Prince
George, respectively. Total annual precipitation since 1920 has increased by 31.2 mm in PG and
decreased by 24.6 mm in FSJ.
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Percent carbon chronologies in the planted stands of PG were significantly negatively correlated to
the previous year’s July and September, and the current year’s July and spring temperatures; whereas
the planted stands of FSJ were positively correlated to the current year’s September temperature
(Table 3). In the natural stands, the chronologies of the percent carbon from the FSJ were generally
negatively correlated to the aforementioned climate variables, while the chronologies of percent carbon
from PG were generally positively correlated to several previous and current monthly temperatures
(Table 3). Only one of the truncated natural carbon chronologies was negatively correlated to the current
July and August temperatures and positively correlated to the previous September temperatures
(from FSJ), and no significant correlations were found between the truncated natural chronologies and
temperature from PG.

Chronologies of percent carbon in the planted stands of FSJ were significantly positively correlated
to the current February, May, and winter precipitation (Table 3). The chronologies of the percent
carbon from natural stands of FSJ and PG were positively correlated to current June and September
precipitation (Table 3); while the truncated natural chronologies of percent carbon from FSJ were
significantly negatively correlated with the current year March precipitation and positively correlated
with winter precipitation. We did not find any significant relationships between precipitation variables
and the truncated carbon chronologies from the natural stands of PG (Table 3).

Although numerous significant relationships were found between the climate and chronologies of
percent carbon from both the FSJ and PG using correlation and regression analyses, we showed only
the strongest relationships found in natural stand percent carbon modelled from climate variables
in Table 4 and Figure 3. Planted stand chronologies were not used for modelling carbon due to the
unusually high R2 values observed, resulting from a small sample size.

Table 4. R2 values from the regression analysis of percent carbon on total monthly precipitation (mm)
(Precip) and average monthly temperature (◦C) (Temp) for the natural stands surrounding John Prince
Research Forest (N2–N3) and Prince George (N4–N6) ** p = 0.01; * = 0.05 level. Correlation coefficients
(Pearson’s R) and p-values between measured (Xmea) and modelled (Xmod) percent carbon.

Month Site Carbon (R2) Pearson’s R (Xmea v Xmod) p-Value

Jan temp N3 0.485 ** 0.696 0.017
Jan temp N5 0.432 ** 0.657 0.006

Mar precip N1trunc 0.718 ** 0.848 0.016
Jul temp N2trunc 0.669 * 0.818 0.025
Jul temp N3 0.555 ** 0.745 0.009

Aug temp N5 0.574 ** 0.758 0.001
Previous Aug temp N3 0.439 * 0.663 0.026

Spring temp N3 0.639 ** 0.800 0.003
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Figure 3. Measured (dotted line) vs. modelled (solid line) normalized percent carbon values from a
natural stand of hybrid white spruce within the John Prince Research Forest (N1–N3) and near PG (N5).
Data modelled from current year January temperature (A,B), current year March precipitation (C),
average spring temperature (D), and current July temperature (E–G) from Fort St. James and Prince
George climate stations. R2 values are presented with ** p = 0.01 and * p = 0.05. Note that not all axes
are at the same scale.
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4. Discussion

This study sought to understand how the structural carbon of hybrid white spruce (Picea glauca
× engelmannii) in natural and planted stands varied over time, and how these variations in carbon
related to RW, EW, LW, density, and the cell wall thickness properties of hybrid white spruce wood.
We were also interested in determining how variations in carbon allocation in hybrid white spruce
corresponded with changes in the temperature and precipitation of interior British Columbia, Canada.

4.1. Percent Carbon vs. Radial Growth Variables

We provide empirical data on the structural carbon content of hybrid white spruce trees in
the interior region of British Columbia; an area that is representative of a large boreal forest region
extending across the Canadian landscape [30]. These carbon measurements, and relationships with
climate and cell property variables, add significantly to what is known about the carbon content of
forests based on existing models that use DBH and biomass [5,6]. This type of measured data can be
used to improve the modelling of wood carbon content and our understanding of the variation that
exists in carbon values within the same species across the landscape. We can also better appreciate the
amount of carbon that remains sequestered long term in wood products, by specifically identifying the
structural carbon element, as many volatile carbon components are lost in manufacturing processes [31].
We found that the structural component of carbon made up between 41–48% of the biomass of our
wood samples; this carbon will remain as fixed products, or while standing in the forest, until the
wood interacts with soil decomposers and is decayed.

The relationships we identified between the wood properties and carbon indicate that the RW, EW,
and LW width values may be good indicators of percent carbon variation in natural and planted stands
of BC hybrid white spruce [32]. Average RW, EW, and LW are easily measured using inexpensive
standard dendrochronological techniques, and are therefore an advantageous way of capturing the
estimates of carbon, where the relationships between these variables indicate this possibility. Although
there is evidence that in some species tree diameter at breast height (DBH) is a good variable for
carbon estimations, as an increasing tree diameter allows for increased biomass and thus increased
carbon [2,33,34], this trend is not consistent across studies [33,34]. Therefore, perhaps in cases where
DBH is not satisfactorily accurate, RW, or EW and LW could be used as a proxy. Furthermore, the
relationships between carbon and density and cell wall thickness could provide even greater accuracy
in cases where structural carbon estimates are simply determined by biomass as a function of tree
height and DBH [1,35–38].

By comparing the carbon content of wood to easily measured wood properties, we can better
understand their relatedness in specific environments, and apply this knowledge towards the use of
these properties as proxies for carbon content. We can also better understand the natural genetically
and environmentally controlled variation that exists between the trees and stands in terms of their
carbon content. Significant correlations between the percent carbon and average RW, EW, and LW
and mean, maximum, and minimum cell wall thickness and density values of the natural and planted
stands were present in three out of the six stands measured (N2, N3 and P1 stands), with the majority of
the relationships found with N2. Carbon could have been respired or used in other metabolic processes
at different rates in a stand specific way, creating small differences in the amount of structural carbon
measured in the stems. Alternatively, the trees at N2 may have allocated carbon differently within the
tree, for example, to the cells of the stem, vs. needles, branches or roots, resulting in variation in the
strength of the relationships between the carbon and wood properties measured in our stem cores.
Inter-stand differences in the concentrations of cellulose, lignin and non-structural carbohydrates are
also possible [1]. Parameters such as crown size, crown closure, and photosynthetic rates that could
be used to determine these differences were not collected within this study; future research should
consider the incorporation of these measurements in the experimental design. Statistical comparisons
of carbon content in some stands were insignificant, likely due to small sample size (tree age and
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reduction from annual to 5-year increment measurements for carbon analysis mass requirements were
limiting factors).

Relationships between the percent carbon and radial growth variable values in N2 suggest
that higher amounts of cellulose and lignin (as represented by a thicker cell wall and denser wood)
correspond to greater proportions of percent carbon; maximum values appeared to have stronger
relationships than the mean and minimum measurement values (Figure 2). These results are similar to
previous work in western Canada and Alaska, showing correlations between forest productivity and
LW (max) and other studies relating carbon to biomass and density, with maximum values of cell wall
thickness and density as the best predictors of percent carbon [1,2,6,32,38,39]. Mean and minimum cell
wall thickness and density measurements did not share the same relationships with percent carbon as
shown in the maximum values. In fact, the data from the N2 and N3 stands suggested an opposite
trend—that even if the minimum measurement of cell wall material, or the mean amount within a
given year, is increased, if the maximum amount of cell wall material is lower in that year, then the
overall cell wall thickness will correspond to reduced proportions of structural carbon. Therefore,
we conclude that maximum cell wall thickness and density values are the most valuable to capture for
relating to structural carbon accumulation.

We investigated the potential differences that exist between carbon contents in plantation hybrid
white spruce and naturally grown hybrid white spruce in central interior BC. Carbon contents in
these natural and planted stands were difficult to compare due to the differences in age and a lack of
data points. The oldest plantation hybrid white spruce stands in the interior BC were approaching
40 years, while the naturally grown hybrid white spruce trees were as old as the last natural disturbance
(~80–150 years). Thus, most naturally-grown, dominant, canopy spruce trees are much older than
40 years and have proportionally more mature wood to juvenile wood in comparison to the 30–40
year-old plantation trees. We were unable to sample natural hybrid white spruce stands at 40 years of
age, to match the age of the plantation stands, because naturally regenerated, 40-year old hybrid white
spruce are usually found in the sub-canopy of more dominant tree types, and are limited in growth by
competition rather than climate. Therefore, we observed the growth rates with the climate in last 40
years of growth of natural stands as a truncated chronology, and the last 40 years of growth in the
plantation stands to keep the climate period consistent, even though the juvenile wood (JW): mature
wood (MW) ratio was different between the stand types.

Based on the structural cell properties alone, fast-growing, thin-walled, and low-density cells
typical of JW should have a lower structural percent carbon content than denser, thicker cells, found in
MW [40]. Conversely, juvenile wood can contain higher percent carbon than mature wood where larger
proportions of lignin and extractive concentrations exist [41,42]. Because our samples had chemical
extractives, or non-structural carbon removed, we expected the older, natural stands to contain higher
proportional amounts of carbon due to higher MW: JW. However, we found an insignificant difference
between the average percent of carbon in the natural vs. planted stands at the regional level. There
are a few possible explanations for these findings. The first is that the duration of production of
juvenile wood was shorter in the plantation trees than in the naturally grown trees, which would lead
to similar MW: JW between the two stand types. Naturally regenerated hybrid white spruce would
have germinated from locally adapted seed sources, while plantation trees would have genetically
originated from the region, but not the specific location where they were planted, potentially leading
to a slower growing tree. Furthermore, genetically improved spruce tree stock that is commonly used
today, and is fast growing in cut-block openings, was not available in the 1970s when the trees we
measured were planted.

Another possible reason for the lack of significant differences between the carbon contents in
the natural vs. planted trees is that not all the non-structural compounds were extracted. If some
extractives remained in the wood, and there were more extractives in the JW to begin with, then the
differences in structural carbon could have been muted by the variation in extractives. Samples
analyzed for carbon content were extracted using a Soxhlet acetone apparatus, for 1.5 h. It is suggested
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that future research using this technique employs a longer extraction time, which will potentially
yield more significant results in comparing the structural carbon content between stands. There is
a lack of standardized sampling protocols to prepare samples for carbon measurements; variations
include kiln-drying [43], freeze-drying, and oven-drying at varying temperatures, such as 105 ◦C [3]
and 70 ◦C [44,45]. These variations in sample preparation make cross-study comparisons difficult
to interpret [31,45]. These protocols require further investigation for the development of an optimal,
standard method.

4.2. Percent Carbon vs. Climate

We found variation in the percent carbon between the individual stands in the FSJ region that
may be attributed to geographical and environmental factors. Factors such as latitude, elevation,
and topography, or site-specific differences such as soil water volume, crown cover, and nutrient
availability have been shown to influence carbon contents [1,2,39]. Significantly higher percent
carbon contents were observed in P2 and N1, likely due to the differences in these sites. The warmer
south-facing slope of P2 received more sunlight, which likely expedited snow-melt and soil thaw in
comparison with the flat topography of P1 and P3. The site conditions at P2 may have resulted in
increased growing season length, directly enabling carbon accumulation [46]. Higher proportional
carbon content of N1 may be attributed to the stream at this site that could stabilize or increase the
soil moisture content. Increased moisture in N1 could counteract unfavourable conditions for growth
such as rising temperatures coupled with reduced precipitation, as seen in the FSJ climate. These
observations have been found in other studies with similar climatic conditions, such as trees grown in
wet vs. dry conditions [47–49].

Percent carbon accumulation in the planted and natural stands in FSJ and PG was negatively
influenced by rising temperatures with some site-specific differences in relationships with spring
climate variation. We found that the percent carbon component of the wood sampled in the planted
stands of the PG region, and the natural stands in the FSJ region, were statistically negatively related to
multiple temperature variables, including the previous year’s December, the current year’s January,
average spring, and previous year and current July temperatures. Increasing temperatures during
winter months can reduce the length of snow cover and reduce the accumulated winter precipitation,
or insulation, leading to deeper soil freezing [50]. These conditions can prevent or reduce the absorption
of melting snow thus delaying bud burst and the percent carbon accumulation in spring months [51].
Additionally, increasing spring or summer temperatures beyond optimal growth thresholds have
been shown to reduce or halt growth, and subsequent carbon accumulation, in previous studies of BC
interior spruce [52,53]. Conversely, percent carbon measured from N5 was positively correlated to
rising winter and summer temperatures in the PG region, likely due to the favourable site-specific
growing conditions, including N5’s higher elevation, relatively higher precipitation, and cooler average
temperatures (SBS very–wet–cool). Thus, increasing percent carbon accumulations that coordinate
with increasing temperatures are explainable in this case, and similar relationships have been found
with increased forest productivity under favourable conditions [47,49].

Carbon accumulations in FSJ and PG were related to spring precipitation variation, albeit in
different ways. Decreases in FSJ spring precipitation were statistically related to lower relative percent
carbon values in the P2 chronology, and higher relative carbon values in the N1 chronology truncated
to the last 30 years of growth (N1trunc). Lower total precipitation in May could have negatively
affected the percent carbon accumulation in P2 due to the south-facing slope, which could have
caused increased rates of evaporation and transpiration and reduced soil moisture, and ultimately
reduced carbon accumulation relative to the other planted stands. We found that decreases in March
precipitation, typically falling as snow in this region, were correlated with greater carbon proportions in
N1trunc. Reduced March precipitation, or snow depth, could lead to earlier bud burst and an extension
of growing season length and subsequent increased radial growth and carbon accumulation [54].
In PG, the results suggested that lower percent carbon values at P5 were related to increasing average
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spring precipitation. Increased and prolonged precipitation could have reduced cell production and
subsequent carbon accumulation in P5, with decreased light availability for photosynthesis occurring
with increased cloud cover [39].

Percent carbon measurements over the last 30 years, truncated from the natural stands in
FSJ, were more strongly related to climate variation compared to full-length chronologies; these
relationships were not seen in the natural stand data from the PG. This suggests that the temperature
and precipitation variation in FSJ have become more influential in determining the percent carbon
accumulation than earlier in the time series, an observation seen in radial growth and climate in
other studies [55–57]. The historical climate of FSJ shows rising temperatures coupled with stark
reductions in precipitation, which may explain the stronger relationships between climate variation
and percent carbon in recent decades. Likely, these same relationships were not observed in the
truncated percent carbon chronologies of PG natural stands because of the differences in climate
regimes. Historical records of PG climate report roughly 200 mm higher average precipitation and 1 ◦C
higher average temperature than FSJ climate. In recent decades, records in PG also show stable increases
in precipitation that contrasts with stark decreases in FSJ. Higher and stable average precipitation
coupled with increasing temperatures, as seen in the PG climate records, suggests that conditions
are more favourable for growth than in the warmer, drier conditions of FSJ. This general difference
in regional climate may explain the lack of significant relationships between the climate and natural
stand chronologies around the PG. Results from this study indicate that trees in FSJ may be reaching
growth–thresholds—warming coupled with a reduction in precipitation, trends that are not observed
in PG [12,55,58].

We used current and one year lagged precipitation and temperature variables from the FSJ and
PG climate stations to predict the percent carbon from natural hybrid white spruce stands in central
interior BC. We found that these models were more difficult to apply to younger, planted stands,
as small sample sizes lead to decreased reliability in the model statistics, increasing the likelihood of
type II error [59]. Increased sampling error and outlier influences that question validity may also occur
with small sample sizes [59]. However, the relationships presented between natural stands and carbon
provide an example of a method that could form the basis for a novel approach to understanding
climate effects on carbon allocation in forest stands based on a dendrochronological analysis. There are
limited studies on variation in structural carbon content, and even fewer that use direct empirical
measurements of structural carbon. To our knowledge, this is the only study that has used the
measurements of structural carbon in dendrochronological applications to make stand-level estimates
of wood carbon.

5. Conclusions

This study presents a novel approach for understanding the relationships between structural
percent carbon and radial tree growth and climate. Results suggest that the maximum values of cell
wall thickness and density may aid in improving the existing models of carbon estimations that are
historically based on DBH and biomass. Investigation into the effect of temperature and precipitation
on carbon allocation in natural and planted stands showed that rising temperatures were related to a
reduction in carbon allocation; precipitation variation had site-specific differences.
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Abstract: Poplar, as the most widely cultivated fast-growing tree species in the middle latitude
plain, provides important wood resources and plays an important role in mitigating climate change.
In order to understand the response of growth, biomass production, carbon storage to poplar clones,
planting spacings, and their interaction, a field trial was established in 2007. In 2018, we destructively
harvested 24 sample trees for biomass measurements and stem analyses. Biomass production and
carbon storage for the single tree of three clones enhanced as planting spacing increasing at the age of
13, but both the biomass production and carbon storage of clones NL-895 and NL-95 were higher
than the clone NL-797 at the spacings of 6 × 6 m and 5 × 5 m. The average carbon concentration of
the tested clones was in the order of stem > branches > leaves, and showed significant variation
between different components (p < 0.05). Large spacing stimulated more biomass to be partitioned to
the canopy. Based on the prediction values of tree volume growth by established Chapman–Richards
models, the quantitative maturity ages of stand volume varied among the investigating plantations,
ranging from 14 to 17 years old. Our results suggest that the selecting clones NL-895 and NL-95
with 6 × 6 m spacing would be recommended at similar sites for future poplar silviculture of larger
diameter timber production, as well as for carbon sequestration.

Keywords: poplar clone; planting density; biomass production; carbon storage; Chapman–Richards
model; quantitative mature

1. Introduction

As reported, planted forest area accounts for about 7% of the total forest area, but the industrial
roundwood production from plantations represented 33.4% of global production from all types of
forest [1]. Therefore, planted forests play an important role in the global and regional economies
to secure industrial roundwood and wood fuel, and to mitigate climate change [1,2]. China owns
the largest plantation area in the world, accounting for 24.82% of the global plantation areas [2–5].
The continuous increase of plantation area contributes significantly to the forest coverage of China,
but the yield and quality in the plantations are not high in general, and the forest stock per hectare is
only 69% of the world average level of 131 m3 [3]. Poplar plantations are no exception, although they
play an important role in sustaining the commercial supply of forest products and fixing atmospheric
CO2 [6]. With the development of the economy, timber consumption level has increased dramatically
in China. In 2018, China imported about 127.61 M m3 of major forest products, including logs,
sawn timber, and wood pulp, totaling 47.01 billion dollars [4].
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Regarding the observed increase in the atmospheric concentration of CO2 and the global climate
problems, one main option is to increase forest biomass for reducing the volume of atmospheric CO2,
which can be achieved by planting currently unforested land, or by improving the productivity of
existing forests. Poplar, as one of the most widely cultivated timber and ecological commonweal tree
species in the middle latitude plain of the world, has the characteristics of being fast-growing and
having large biomass, diverse uses, and easy adaptability [7]. By 2015, China’s poplar plantation
area reached 8.54 M ha, accounting for 12.32% of the national plantation area [3]. Considering the
huge carbon storage and the interest of the forest industry in poplar plantations, any fluctuations in
their productivity could have major ecological and economic consequences. Also, in fast-growing,
short rotation plantations, nutrient accumulation and export from the site has been considered for a
long time, as nutrients are removed through frequent harvests [8,9]. Present studies have shown that
poplar growth does not only depend on the growing season length [10], but also on the genotype [11,12],
planting density [13,14], site conditions [15–17], and management strategies applied [18–20]. In practice,
genotype and planting spacing as the most easily controlled factors are very important in the directional
cultivation of plantations [21]. Choice of the best spacing system is closely related to the maximum
production of biomass production, biomass partitioning, nutrient accumulation, and determination
of duration of production cycle. Generally, the diameter and aboveground biomass of a single tree
increases with increasing planting spacing [13,22], while the greatest biomass productivity has been
achieved in higher density stands [14,23]. Meanwhile, the selection of a poplar genotype is critical to
improving yield and productivity levels [9,11,12]; the crown ratio, branches traits, biomass allocated
of the stem were also affected by cloning and spacing [13,23]. Fang et al. [23] evaluated growth
dynamics, biomass production, and carbon storage in short-rotation poplar plantations, with four
planting spacings (3 × 3 m, 3 × 4 m, 4 × 4 m. and 4 × 5 m) and three poplar clones (NL-80351, I-69, and
I-72), but optimal rotation was not reported for the investigated plantations. Therefore, attempts were
made in this study to understand the influence of new genotypes and planting spacings on the growth,
aboveground biomass production and partitioning, carbon storage, and rotation length of poplar
plantations, which can provide some references for optimizing the cultivation patterns at similar sites.

2. Material and Methods

2.1. Study Area and Experimental Design

The site is located in the Sihong forest farm, Jiangsu Province, China (33◦16′ N, 118◦18′ E). In this
region, there is a mid-latitude climate, with a mean annual air temperature of 14.84 ◦C, while the mean
temperatures is 27.4 ◦C in July and −7 ◦C in January, respectively [24]. The mean annual sunshine
hour is between 2250 and 2350 h, and the mean annual precipitation is about 1000 mm, occurring
mostly from June to August each year. Soils at this site were formed on fine sediments of Hongze Lake.
The basic physical and chemical properties at the trial site are relatively consistent, with clay loam
texture and middle soil fertility [24].

The experimental design consisted of a randomized, complete block with three replications,
and the plantations were established in March 2007 with one-year-old rooted cutting of three poplar
clone seedlings, including Nanlin-895 (NL-895), Nanlin-95 (NL-95), and Nanlin-797 (NL-797), a hybrid
of clone I-69 (Populus deltoides Bartr. cv. “Lux”) × clone I-45 (P. × euramericana (Dode) Guinier cv.
I-45/51′). Planting spacing designs included two squares (6 × 6 m and 5 × 5 m) and two rectangles
(4.5 × 8 m and 3.5 × 8 m). In total, 36 plots were randomly arranged and established, with each plot
about 1200–1800 m2 (50 trees per plot). However, in this study, we only choose two spacings (6 × 6 m
and 5 × 5 m) of clones NL-95 and NL-797 and four spacings of clone NL-895 for detailed biomass
investigation and stem analysis, so in total 24 plots were selected.
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2.2. Tree Destructive Sampling and Biomass Investigation

In early October 2018, twelve years following the plantation’s establishment, the diameter at breast
height (1.3 m height above ground, DBH in cm) and tree height (H in m) of all trees were measured
at each plot. For the biomass measurement, one tree (selected on the basis of mean diameter) was
identified and harvested for destructive sampling in the selected plots, and in total 24 sample trees
were harvested. Trees were cut at ground level and felled onto a large canvas. Each sample tree was
divided into three components—stem, branches, and leaves—and fresh weights of all components were
determined in the field; sub-samples were collected for moisture and carbon (C) analysis. The fresh
biomass of branches and leaves were sampled and recorded in a stratified manner, where the lower,
middle, and upper layers of the tree canopy were divided by equal canopy height. Both woody and
non-woody biomass were dried to a constant weight at 60 ◦C.

Stems were cut at 1.3 m and 3.6 m, and then cut into 2 m long segments in this experiment,
and stem samples (stemwood + stembark) were obtained from disks cut at 1.3 m (breast height), 5.6 m,
11.6 m, and 17.6 m (nearly 25%, 50%, and 75% of the total height, respectively) for each sample tree.
Total stem biomass was obtained by summing the values for all bolts of each sample tree, while the total
aboveground biomass of the sample tree was estimated by summing the values for all components of
each sample tree.

2.3. Stem Analysis

Stem analysis was conducted to estimate tree growth dynamics in different treatments, and a total
of 24 sample trees were harvested for stem analysis. Tree height was measured again after harvest by
the clinometer. A stem disc was taken from each section (0 m, 1.3 m, 3.6 m, 5.6 m, etc.) for analysis of
the number and width of tree rings. The wood discs were polished to increase visualization of growth
rings [25,26]. North–south and east–west transects were selected from the center of the disc to the
edges of the stem and marked with permanent marker, and the number of rings were counted and
then averaged for each stem. The number of tree rings of the base discs of the stem analysis trees were
counted and compared with the documented age of plantations, in order to validate estimations of tree
age based on annual tree rings. Comparison of the number of tree rings between stem discs at different
tree heights was used to estimate tree height growth over tree ages.

The tree volume was estimated according to following formula (1) [27]:

v = 2.6·π·d
2
1

4
+ 2·π·d

2
2 + d2

3 + · · ·+ d2
n−1

4
+ htop·π3 ·

d2
n

4
(1)

in which 2.6 and 2 are height of the bolts; d1 is the diameter at 1.3 m, marked number 1; d2, . . . , dn−1

are the cross-sectional diameters at every tree height where discs were cut, except for number 1 and
the top disc; dn is diameter of the top disc cut from the stem analysis tree; and htop is height of the top
section (the cone section from the last disc to the top of the tree) of the stem analysis tree.

2.4. Modeling of Tree Growth Dynamics

In order to select the most suitable, nonlinear model for fitting and accurately evaluating the
growth dynamics of DBH, H, and tree volume, seven theoretical functions (Table 1) that are widely
used in forestry modeling were evaluated based on the data obtained from stem analysis.

Matlab2014a (Math Works Inc., Natick, MA, USA) was used to calculate nonlinear regression,
and the coefficient of determination (R2), residual sum of squares (RSOS), root mean square error
(RMSE), and Akaike’s information criterion (AICc) were calculated simultaneously (Table S1) [28].
Since the models are nonlinear, it is helpful to use RMSE and RSOS as a measure of accuracy, together
with R2. Since the models we test vary from one to four parameter models, the AICc is an important
measurement for comparison and model evaluation. In addition, growth dynamics of the poplar
plantations generally followed the three growth stages of “slow–fast–slow”. Then, seven models were
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respectively used to take the second derivative of poplar volume to get X1 and X3, and the third
derivative to get X2 (the year with the highest periodic annual increment (PAI)); these represent the
three turning points of poplar growth. Meanwhile, we calculated the second and third derivatives of
the smoothed curve of the stem analysis measurement value, and also got three growth turning points.
Finally, we compared these three growth turning points of seven models with the measurement curve
(Table S2), and the best growth model was selected to evaluate the tree growth dynamics, based on the
lowest error and best biologically meaning.

Table 1. Seven theoretical functions used to fit the diameter at breast height (DBH), tree height (H),
and tree volume growth in the study.

NO. Function Name K * Function * Reference

1 Mitscherlich 2 Y(t) = a[1− exp(−at)] Li et al. [29]
2 Logistic 3 Y(t) = a/[1 + b exp(−ct)] Yoshimoto [30]
3 Gompertz 3 Y(t) = a exp[−b exp(−ct)] Yoshimoto [30]
4 Johnson Schumacher 3 Y(t) = a exp[−b/(t + c)] Fang et al. [31]
5 Korf 3 Y(t) = a exp[−bt−c] Li et al. [29]
6 Chapman-Richards 3 Y(t) = a

[
1− exp(−bt)c

]
Liu and Li [32]

7 Weibull 4 Y(t) = a
[
1− b exp

(
−ctd
)]

Deng et al. [33]

* K is the number of fixed model parameters; Y is the total tree DBH in cm, H in m, and volume in m3; t is the tree
age in years, and the fixed model parameters are a, b, and c.

2.5. Carbon Storage

The quantification of carbon storage aboveground of poplar trees was assessed using the samples
collected in the destructive assessment. We collected seven samples for each sampling tree, including
three leaf samples, three branch samples, and one stem sample, all collected at the tree height of 11.6 m,
and a total 168 samples were collected for carbon concentration measurement. After measuring the
water content, all samples were macerated in a pulverizer with a 270-mesh sieve, and then placed into
sealed sacks. The carbon concentration was measured by using a universal Elementar analyzer (Vario
micro cube, Germany). Samples with 0.5 mg were allocated into tin capsules and completely incinerated
at 1200 ◦C [34]. The mean carbon storage of the sample tree for each treatment was calculated using
three replications, and each sample tree was obtained from the biomass of each component (leaf,
branch, and stem) and the average carbon concentrations in that component. The carbon storage was
calculated using the mean carbon concentration of the sample trees for each treatment, multiplying it
with their standing biomass per hectare.

2.6. Optimal Rotation Age

Determining the optimal rotation age of the plantations is a key technique in plantation
management practices. During this practice, the quantitative maturity age is mainly considered,
where the periodic annual increment (PAI) is equal to mean annual increment (MAI) of the sample
trees’ volume growth.

2.7. Statistical Analysis

Data are reported as the mean ± standard error (SE), and all tests were statistically analyzed with
the software Matlab2014a and SPSS19.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) was used to examine the significant differences in aboveground biomass, carbon storage of
different clones, and planting spacings. We used Tukey tests to examine differences between means
with significant results. Two-way ANOVA was performed to determine the significant dependence of
DBH, H, and tree volume on clones, planting spacings, and their interactions. All statistical tests were
considered significant at p < 0.05.
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3. Results

3.1. Tree Growth and Stand Volume

Significant (p < 0.05) variations in DBH, H, tree volume, and stand volume were observed in the
plantations at 13 years of age (Figure 1 and Table 2). DBH and H of clone NL-895 and the tree volume
of clones NL-895 and NL-95 were shown to have significant differences between different planting
spacings, while stand volume did not show any significant differences between planting spacings of
the three clones. DBH, H, and the tree volume of clones were consistently higher in the large spacings
(6 × 6 m and 4.5 × 8 m) than the narrow spacings (5 × 5 m and 3 × 8 m).

Figure 1. Effects of poplar clones and planting spacings on diameter at breast height (DBH, A),
tree height (B), tree volume (C), and stand volume (D) in 13-year old poplar plantations. Different
capital letters indicate significant differences (p < 0.05) by Tukey test between planting spacings in
each clone, while different small letters indicate significant differences (p < 0.05) by Tukey test between
clones within each planting spacing. The error bars indicate the standard error.

There was no significant interactive effect of clone and planting spacing over 13 years of poplar
growth (p > 0.05; Table 2). Stem analysis data showed that initially, clone and planting spacing did not
show any significant effects on DBH, H, and tree volume; however, these parameters varied significantly
with increasing age. Planting spacing showed a significant effect on DBH and tree volume growth
after six and five growing seasons respectively, whereas no significant effects on tree height growth
were detected in most cases (Table 2). However, both poplar clone and planting spacing showed a
significant effect on tree volume after the six growing seasons.
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3.2. Biomass Production and Partitioning

There existed a significant difference in aboveground tree biomass between different spacings
of clones NL-895 and NL-95 (p < 0.05; Figure 2A). The higher tree biomass accumulated in the large
spacings (6 × 6 m and 4.5 × 8 m) for each poplar clone; this biomass was 45.42~65.51% higher than
that in the narrow spacings (5 × 5 m and 3 × 8 m). The aboveground biomass of clones NL-895,
NL-95 and NL-797 were 344.18 kg tree−1, 337.71 kg tree−1, and 249.04 kg tree−1 in the 6 × 6 m
spacing stand, which was 63.75%, 56.30%, and 24.85% higher than in the 5 × 5 m spacing, respectively.
The aboveground biomass of NL-895 and NL-95 was 37.85% and 35.60% higher than NL-797 in the
6 × 6 m spacing stand (p < 0.05), respectively, but no significant differences were observed between
the three clones in the 5 × 5 m spacing stand, suggesting that the difference of aboveground biomass
between three clones tend to be reduced as the planting spacing decreases.

Figure 2. Effects of poplar clones and planting spacings on aboveground biomass of per sample tree
(A) and per hectare (B) in 13-year-old poplar plantations. Different capital letters indicate significant
differences (p < 0.05) by Tukey test between planting spacings for each clone, and different small
letters indicate significant differences (p < 0.05) by Tukey test between clones within each planting
spacing. Last is the biomass partitioning of poplar in eight treatments (C). The error bars indicate the
standard error.
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The total aboveground biomass of clones NL-895, NL-95, and NL-797 were not significantly
(p > 0.05) influenced by planting spacing (Figure 2B). A significant variation in total aboveground
biomass was observed among the three clones in the 6 × 6 m spacing stand (p < 0.05), but not in the
5 × 5 m spacing stand (p > 0.05; Figure 2B). The total aboveground biomass production in the 6 × 6 m
spacing stand reached 95.68 t ha−1 for NL-895, 93.88 t ha−1 for NL-95, and 69.23 t ha−1 for NL-797,
respectively. Contrary to the clones NL-895 and NL-95, the total aboveground biomass of clone NL-797
in the 5 × 5 m spacing stand was higher than 6 × 6 m, indicating that the stem number of per hectare
was the main driver of total aboveground biomass production in clone NL-797.

The partitioning of biomass in leaves, branches, and stems was also influenced by clone and
planting spacing (Figure 2C). Most of the aboveground biomass was allocated to stem production,
but more biomass was partitioned to canopy biomass (leaves and branches) in the 6 × 6 m spacing
when compared to the 5 × 5 m. The percentage of canopy biomass averaged across three poplar clones
was 12.88% greater in the 6 × 6 m spacing stand than the 5 × 5 m one, while the percentage of canopy
biomass averaged between the 6 × 6 m and 5 × 5 m spacings for clones NL-895, NL-95, and NL-797
was 13.25%, 16.44%, and 17.25%, respectively.

As shown in Figure 3, poplar clones and planting spacings significantly affected the vertical
biomass distribution in the canopy (p < 0.05). The biomass of all tree components in 6 × 6 m and
4.5 × 8 m spacings was higher than that in the spacings of 5 × 5 m and 3 × 8 m in the same segment
or canopy layer (Figure 3). For three clones, the greatest biomass of the branches was observed in
the middle layer at any planting spacings, followed by the lower and upper layers (Figure 3E–H),
while the biomass of the leaves was concentrated in the middle and upper layers (Figure 3I–L).

Figure 3. Effects of poplar clones and planting spacings on the vertical biomass distribution in stem
(A–D), branches (E–H), and leaves (I–L) for the 13-year-old trees. Different capital letters indicate
significant differences (p < 0.05) by Tukey test between the two spacing treatments at the same layer.
Different small letters indicate significant differences (p < 0.05) by Tukey test between the lower, middle,
and upper layers of crown.

3.3. Carbon Concentration and Storage

The average carbon concentration of the different components was in the order of stem (46.66%) >
branch (46.34%) > leaf (40.96%) (Table 3). ANOVA revealed significant differences between the values
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of carbon concentration among these three components (p < 0.05). However, the poplar clones and
planting spacings did not significantly affect carbon concentrations in the branches, whereas the leaf
carbon concentration in clone NL-797 was significantly higher than that in clone NL-895 (Table 3).

Table 3. The average carbon concentrations of different biomass components from the poplar plantations
with various treatments (%).

Poplar Clone Planting Spacing (m)
Biomass Components

Leaf Branch Stem

NL-895 6 × 6 39.79 ± 0.14 Cb 46.11 ± 0.28 Ba 47.76 ± 0.25 Aa
5 × 5 39.85 ± 0.23 Bb 46.08 ± 0.29 Aa 46.69 ± 0.26 Aa

4.5 × 8 40.11 ± 0.41 B 46.01 ± 0.25 A 46.88 ± 0.09 A
3 × 8 40.92 ± 0.58 B 46.41 ± 0.39 A 46.66 ± 0.27 A

NL-95 6 × 6 41.23 ± 0.91 Bab 46.15 ± 0.4 Aa 46.01 ± 0.21 Ab
5 × 5 41.11 ± 0.64 Bab 46.4 ± 0.19 Aa 46.09 ± 0.08 Aa

NL-797 6 × 6 42.35 ± 0.4 Ba 46.88 ± 0.18 Aa 46.66 ± 0.09 Ab
5 × 5 42.29 ± 0.31 Ba 46.67 ± 0.25 Aa 46.56 ± 0.21 Aa

Note: different capital letters indicate significant differences (p < 0.05) between biomass components in each
treatment, while different small letters indicate significant differences (p < 0.05) between clones for each same
planting spacing.

The carbon storage in the stems, branches, and leaves was 84.60%, 13.84%, and 1.56% at the stand
age of 13 respectively, where the values were averaged in all treatments (Figure 4). However, there was
a significant difference in aboveground carbon storage among the plantations of four planting spacings
for NL-895 (p < 0.05), and the highest carbon storage was obtained in the NL-895 plantation of 6 × 6 m
spacing, reaching 45.39 Mg C ha−1, which was 23.81% higher than that in the 3 × 8 m spacing stand.
Also, a significant variation in carbon storage was also observed among the three clones in the 6 × 6 m
spacing (p < 0.05), and the carbon storage of clone NL-895 was 40.50% higher than that of clone NL-797
in the 6 × 6 m spacing. It is worth noting that carbon storage in the NL-895 plantations in square
configurations (5 × 5 m and 6 × 6 m) was higher than in those with rectangular configurations (3 × 8 m,
4.5 × 8 m) at equal or similar planting density (Figure 4).

 
Figure 4. Effects of poplar clones and planting spacings on aboveground carbon storage in 13-year-old
poplar plantations. Different capital letters indicate significant differences (p < 0.05) by Tukey test
between spacings for each clone, while different small letters indicate significant differences (p < 0.05)
by Tukey test between clones within each planting spacing.
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3.4. Quantitative Maturity Age

Based on the values of R2, RSOS, RMSE, and AICc for the seven growth models (Table S1)
and comparison of the prediction results from the models and measured data (Table S2),
the Chapman–Richards model was selected as the best function to predict poplar growth dynamics
for each poplar clone at each planting spacing in the present study. According to the established
Chapman–Richards model, the curves of tree volume and stand volume growth are fitted to predict
the tree growth of different treatments (Figures 5 and 6). After 13 growing seasons, the highest tree
volume growth was predicted in the NL-95 plantation with 6 × 6 m spacing, followed by the NL-895
plantation of 6 × 6 m spacing; the lowest growth appeared in the NL-797 plantation of 5 × 5 m spacing
(Figure 5A). However, the highest stand volume was estimated in the NL-95 plantation of 6 × 6 m
spacing, followed by the NL-95 plantation of 5 × 5 m spacing, while the lowest growth was detected in
NL-797 plantation of 6 × 6 m spacing (Figure 5B).

Figure 5. Predictions of tree volume (A) and stand volume (B) in different treatments of poplar clones
and planting spacings by the fitted Chapman–Richards model (up to 30 years).

Figure 6. The mean annual increment (MAI) and periodic annual increment (PAI) of sample trees of
four planting spacings of NL-895 (A–D) and two planting spacings of NL-95 (E,F) and NL-797 (G,H),
which were calculated using Chapman–Richards model prediction data (up to 30 years).

In term of mean annual increment (MAI) and periodic annual increment (PAI) predicted from
sample trees, the quantitative maturity ages in the plantations of different treatments ranged from 14 to
17 years (Figure 6), indicating that poplar clones and planting spacings had effects on the quantitative
maturity ages. For example, the quantitative maturity age in the NL-895 plantation with 6 × 6 m
spacing was 14 years old, while the maturity age was 16 years old in the NL-95 plantation with
6 × 6 m spacing.
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4. Discussion

Poplar plantations are gaining increased attention as a source of timber production for producing
wood products, such as plywood, pulp, and paper, in the world [12,35]. However, plywood, veneer,
and fiberboard are the most important outlet for poplar plantations. Previous studies have indicated
differences in survival, growth, and productivity between different poplar genotypes (clones) and
planting densities under various growing conditions [11,36,37]. It has also been demonstrated that the
optimal rotation length of poplar plantations can vary depending on the requirements of the particular
target wood product [12,38,39]. Some studies have reported that wood density, microfibril angle,
cellulose content, fiber diameter, and the ratio of fiber length to diameter were not only significantly
affected by poplar clones and planting densities, but also by the stand ages [39,40]. As a general
tendency, basic wood density, fiber length, fiber diameter, and cellulose content showed an increasing
tendency along the direction from pith to bark among the growth rings, and a general increasing trend
with the increasing height of trees [39–42]. However, after eight growing seasons, these wood properties
reached relative stability [39,40], which means that the technical maturity of poplar plantations is
about eight years for plywood and fiberboard. Furthermore, many studies have also shown that the
static modulus of elasticity (MOE) and modulus of rupture (MOR) were lower for laminated veneer
lumber (LVL) made from juvenile veneers than for LVL made from mature veneers [43,44]. Therefore,
adopting a silvicultural regime of longer rotation would improve the mechanical properties of LVL.
The possible reasons are these LVL properties are affected by wood density and fiber length [42,45].

The optimal rotation length in poplar plantations should be determined based on technical
maturity and quantitative maturity. For example, our results indicate that the quantitative maturity
age of clones NL-895 and NL-95 in the 6 × 6 m spacing was 14 years and 16 years, with stand volumes
reaching 162.95 m3 ha−1 and 200.19 m3 ha−1, respectively. However, according to the requirement
of DBH for plywood timber production (DBH ≥ 26.0 cm) [46], only the clone NL-95 in the 6 × 6 m
spacing was observed approximately to achieve the standard of technical maturity for the plywood
target. Considering the quantitative maturity age and technical maturity age, a longer rotation age of
poplar plantations was observed at the study site when compared to the results from other studies.
Huang et al. [38] observed that the rotation age was 11 years old in 5 × 6 m planting spacing, and
Tang [47] reported that the quantitative mature age was 13 years old in planting spacing of 4 × 6 m.
The reasons probably are due to the interplay between genotypes and site conditions, which largely
affects the growth rate of poplar plantations [9,15]. In addition, Tun et al. [22] suggested that better
stem roundness was found in the square configurations. Overall, we suggest that the clone NL-95 with
6 × 6 m spacing would be selected for high-value, larger diameter timber production, and its optimal
rotation length for plywood timber should be about 20 years at the research site. Notably, the economic
maturity age, as an important factor to decide the optimal rotation age, should be carefully considered
in the future research.

Forest growth plays a key role in the carbon balance of terrestrial ecosystems [48,49]. However,
carbon concentration is generally assumed to be constant in carbon storage assessments, and the
variation in carbon concentration between the tree components was neglected in a large-scale study [50].
Our results confirmed that the carbon concentration of tree components was significant different,
in the order of stem > branch > leaf. However, the carbon concentration showed less correlation with
poplar clones and planting spacings (Table 3), which is in agreement with the results from [51,52].
However, the carbon concentrations from the present study are lower than those from other poplar
plantations [51,53], where the leaf carbon concentration of the poplar was over 42.9%. The possible
reason is that poplar genotype, site condition, geographical area, stand age, and sampling time would
create this difference in carbon content. However, some studies have indicated that plant carbon
concentration was in the range of 24.95–55.44%, with an average of 43.63%, while the average carbon
concentration for different components was flower (48.52%) > fruit (47.19%) > branch (45.42) > stem
(44.48%) > leaf (43.36%) > root (42.88%) [54,55]. Furthermore, the average carbon concentration
was in the order of high latitude area (50.30%) > low latitude area (45.30%) > middle latitude area
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(39.68%) [54]. Our research site was located in the middle latitude area, and carbon concentrations
were within the range. Thereby, the biomass partitioning of poplar trees can alter carbon storage
in the poplar plantations to some extent, and play an important role in forest ecosystem carbon
cycling [49]. Our results (Figure 2) agree with the well-known fact that growth performance and
biomass partitioning of poplar plantations are affected by clones and planting spacings [9,15,22].
For example, poplar plantations of three clones at low density showed higher leaves and branches
biomass, probably due to the light availability, which likely stimulated growth and production of
branches and leaves [56]. However, the branch biomass for all tested clones was the highest in the
middle layer, followed by lower and upper layers, while the leaf biomass was concentrated in the
middle and upper layers (Figure 3), which is beneficial for improving solar radiation interception
efficiency under the inter-tree competition [57].

Aboveground carbon storage of poplar plantations was mainly determined by productivity and
biomass partitioning. The present study shows that the DBH, H, tree volume, and aboveground
biomass of the three clones for a single tree was enhanced as planting spacing increased, and the
biomass in the NL-895 plantations of square configurations (5 × 5 m and 6 × 6 m) was higher than those
with rectangular configurations (3.0 × 8.0 m and 4.5 × 8.0 m) at equal or similar planting densities.
However, both stand volume and total aboveground biomass per area for clone NL-797 were higher in
the 5 × 5 m spacing stand than that in the 6 × 6 m spacing, contrary to that of clones NL-895 and NL-95.
This presumably is due to a lower growth rate in clone NL-797 compared to clones NL-895 and NL-95,
as well as the stem number per hectare being the main driver of aboveground biomass accumulated at
the measured period.

Generally, the variation of carbon storage in clones NL-895, NL-95, and NL-797 was consistent
with the total aboveground biomass (Figures 2 and 4). In the current research, stems and branches
accounted for 84.6% and 13.84% of the total aboveground biomass, respectively, which are congruent
with previous reports that most biomass accumulates in stem and branches. Additionally, in different
planting spacings, the proportion of leaf and branch biomass decreases with forest age, competition,
and resource availability [34,51]. This means, thus, that rotation length affects the carbon storage in the
plantations, and that the stems are the main component of aboveground carbon storage with regard
to prolonging the rotation. Based on the results of PAI in the present study, we speculate that the
carbon storage of poplar plantations would still increase after reaching the quantitative maturity age
(Figure 6), and suggest that the optimal rotation length for carbon sequestration should be longer than
that of the quantitative maturity age.

5. Conclusions

In conclusion, poplar clones and planting spacings significantly affected the growth, biomass
accumulation, biomass partitioning, and aboveground carbon storage in the poplar plantations,
while the NL-895 plantations with the square configurations produced higher biomass than the
plantations with the rectangular configurations at equal or similar planting densities. Poplar clones
and planting spacings also significantly affected the vertical biomass distribution in the canopy.
More biomass was partitioned to canopy biomass (leaves and branches) in the plantations with wide
spacing when compared to the narrow ones. However, the greatest biomass of the branches was
observed in the middle layer, whereas the biomass of the leaves was concentrated in the middle
and upper layers. Based on the growth prediction of the established Chapman–Richards model,
the quantitative maturity ages of stand volume varied among the investigating plantations, ranging
from 14 to 17 years old. Our results suggest that selecting clones NL-895 and NL-95 with 6 × 6 m
spacing would be recommended for future poplar silviculture of larger diameter timber production,
and the optimal rotation length for plywood timber and carbon sequestration should be about 20 years
at similar sites.
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Abstract: Agro-industrial oil palm plantations are becoming increasingly established in the Congo
Basin (West Equatorial Africa) for mainly economic reasons. Knowledge of oil palm capacity to
sequester carbon requires biomass estimates. This study implemented local and regional methods for
estimating palm biomass in a mature plantation, using destructive sampling. Eighteen 35-year-old
oil palms with breast height diameters (DBH) between 48 and 58 cm were felled and sectioned in
a plantation located in Makouké, central Gabon. Field and laboratory measurements determined
the biomasses of different tree compartments (fruits, leaflets, petioles, rachises, stems). Fruits and
leaflets contributed an average of 6% to total aboveground palm biomass, which petioles accounted
for 8%, rachises for 13% and the stem, 73%. The best allometric equation for estimating stem
biomass was obtained with a composite variable, formulated as DBH2 × stem height, weighted by
tissue infra-density. For leaf biomass (fruits + leaflets + petioles + rachises), the equation was of a
similar form, but included the leaf number instead of infra-density. The allometric model combining
the stem and leaf biomass yielded the best estimates of the total aboveground oil palm biomass
(coefficient of determination (r2) = 0.972, p < 0.0001, relative root mean square error (RMSE) = 5%).
Yet, the model was difficult to implement in practice, given the limited availability of variables such
as the leaf number. The total aboveground biomass could be estimated with comparable results
using DBH2 × stem height, weighted by the infra-density (r2 = 0.961, p < 0.0001, relative RMSE
(%RMSE) = 5.7%). A simpler model excluding infra-density did not severely compromise results
(R2 = 0.939, p < 0.0003, %RMSE = 8.2%). We also examined existing allometric models, established
elsewhere in the world, for estimating aboveground oil palm biomass in our study area. These models
exhibited performances inferior to the best local allometric equations that were developed.

Keywords: agro-industrial plantations; oil palms; aboveground biomass; allometric equations; Congo
Basin; Gabon

1. Introduction

The world is becoming increasingly concerned with changes that are occurring in ecosystems and
in the climate. These changes are manifested in and exacerbated by forest conversion into agricultural
land. This process is a major driver of global deforestation. Results of the Global Forest Resources
Assessment [1] have indicated that the total forest area has declined by about 3%, from a worldwide
estimate of 4128 Mha in 1990 to 3999 Mha in 2015 [2]. These losses are responsible for increasing
greenhouse gas (GHG) emissions and incurring substantial changes in the amounts of carbon that
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are stored in forested ecosystems [3]. Indeed, a global loss of forest biomass carbon in the order of
11.1 gigatons has been reported over 25 years (from 1990 to 2015); this represents a 3.8% decrease
in storage from an initial 296 Gt estimate of the total forest C [1]. The intensification of forest- and
agriculture-related economic activities largely explains this change. For example, tropical forested
areas are being converted into oil palm plantations to meet economic (biofuel, palm oil), social (food,
household products, cosmetics, soap), cultural (traditional medicines and other care products) or
scientific needs [4–6]. An increase in these needs has led to the development and expansion of
agro-industrial oil palm plantations in tropical Asia, Oceania, Africa and Amazonia [7–9].

Several species of oil palms have been naturalized throughout the world. Currently, the Afrotropical
species Elaeis guineensis Jacq. (African oil palm) is the palm most extensively cultivated for oil production.
The Neotropical Elaeis oleifera (Kunth) Cortés (American oil palms), which also produce oil, have been rarely
exploited commercially. Hybridization with E. oleifera has increased the disease resistance of E. guineensis,
while improving its biochemical and physiological characteristics [10,11].

These latter species, together with palms within the genera Euterpe and Astrocaryum, have not been
extensively domesticated given that they tend to occur as solitary individuals or small groups within
intact tropical forest and in seral stages leading to mature stand canopy closure. Nonetheless, these
species are cultivated as food crops (including açai berry and hearts of palm); the small quantities of
oil extracted from their edible fruits are used in salads or as ingredients in soaps and cosmetics [12].

Resulting land use changes have exerted effects especially on the capacity of ecosystems to
sequester and store carbon in the plants of which they are composed. In the case of oil palms, this
capacity may increase or decrease, depending upon the ecosystems that they frequently replace [9,13,14].
In mature forests, oil palms generally cause a loss in the quantity of carbon that is stored, whereas
they favor an increase in storage in fallow land and savannah areas [6,14,15]. As a result, this
variation in storage can have repercussions for the climatic and environmental equilibria in the affected
tropical regions [1]. An important challenge is the ability to exploit and develop agricultural areas,
such as agro-industrial plantations, without compromising or damaging the ecological integrity of
the broader continuous forest (e.g., [5]). Such actions would help to accentuate the trend towards
decelerating deforestation rates that has been noted by the Food and Agriculture Organization (FAO) [1].
Indeed, the loss of tropical forest area declined by 42% to 5.5 Mha year−1 during the period 2010–2015,
from the estimated 9.5 Mha year−1 during the 1990s [2].

To improve attempts in land use redevelopment, it is important to have a better understanding of
forest and agricultural biomass stocks, together with their respective spatial and temporal dynamics.
The current study developed allometric models to estimate the total aboveground biomass of oil palms
in a particular region, namely the Congo Basin. We aimed at determining which components of the
total aboveground biomass were most effective and efficient in constructing these allometric equations.
Total aboveground biomass is the total dry mass of aboveground organic material that is present in
different plant compartments, including the stem, branches, leaves, stumps and bark [16]. The total
biomass represents an important carbon storage reservoir within the plant and also constitutes the
part that is most vulnerable to human activities and natural perturbations, regardless of whether these
effects are acute or chronic.

A number of studies have been conducted to gather data on the total dry aboveground biomass of
oil palms in targeted tropical areas of Africa, Amazonia and Asia [4,17–19]. The resulting allometric
equations rely upon characteristic attributes of oil palms (and palms, in general), such as diameter,
height, wood infra-density (stem dry mass vs. fresh volume), dry mass fraction and the number of
leaves or age to estimate the biomass at different stages of tree development (young, mid-mature,
mature). These attributes are frequently used as simple [4,20] or as composite [21–23] explanatory
variables. In Benin, Thenkabail et al. [20] estimated the aboveground biomass of young oil palm trees
(1- to 5-years-old) using stem height. In another study conducted in Benin, Aholoukpè et al. [24]
proposed a simple equation for estimating the biomass of oil palm fronds using the dry mass of the
rachis, i.e., the axis of the compound leaf. Khalid et al. [4] predicted the biomass for mid-mature
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(23-years-old) Malaysian oil palm plantations by considering the total height as the explanatory
variable. Saldarriaga et al. [18] developed equations in which the squared value of the DBH (diameter
at breast height, measured at 1.3 m), together with the stem height, were used to estimate the plant
biomass. In this case, the plants were relatively young, with DBHs ranging between 1 and 10 cm.
The same variable combination expressed as DBH2 × stem height was used by Hughes et al. [25] in
southern Mexico to estimate biomass for wild palms (Astrocaryum mexicanum Liebm. ex Mart.) with
DBHs < 10 cm. Cole and Ewel [26] also considered the same variable combination for four economically
valuable forest species, but also included the leaf count in the estimation of the aboveground biomass
in açai palm (Euterpe oleracea Mart.) plantations (DBH < 20 cm) in the Atlantic Lowlands of Costa Rica.
Goodman et al. [27] studied the allometric relationships of nine species in the Arecaceae, including
Attalea phalerata Mart. ex Sprung, which is a source of vegetable oil [28]. These authors substituted
the dry-matter fraction for the leaf count in palm plantations covering all the stages of development
(DBH between 4 and 50 cm) in Amazonian Peru, while Da Silva et al. [22] considered the stem
infra-density in the case of young (DBH 3–13 cm) forest açai or açaí-solitário (Euterpe precatoria Mart.) in
Amazonian Brazil.

All of these studies have provided various explanatory variables for estimating the aboveground
biomass of palms worldwide, including those that produce oil. The performances of these different
variables have yet to be compared in the same study. Furthermore, the allometric equations of these
studies have not been compared with local allometric models for estimating the aboveground biomass
of oil palms that were established in the Congo Basin (West Equatorial Africa). The oil palms that were
used in these studies were consistently young, with a few cases of semi-mature and mature individuals.
However, there is little research on mature individuals (>30-years-old).

Research estimating oil palm biomass is relatively sparse for the Congo Basin. Considering the
gradual but relentless establishment of oil palm plantations, it is crucial that estimation methods be
developed and comparative analyses be conducted relative to other tropical regions. Thus, the current
study sought (1) to evaluate the attributes that were most relevant for characterizing the aboveground
biomass of oil palm plantations in the Congo Basin, and (2) to develop the necessary allometric
equations and compare their results with those that have been obtained from other tropical areas.
This study was based upon field measurements that were acquired through destructive sampling in
agro-industrial oil palm plantations operated by the Société Olam Palm Gabon.

2. Materials and Methods

2.1. Study Area

The oil palms were sampled in a plantation operated by the Société Olam Palm Gabon, which is
located in the Makouké district, Moyen Ogooué Province, central Gabon. The region is characterized
by a hot and humid equatorial climate, with two rainy seasons and two dry seasons. The plantation
adjoins the Ogooué River, which is the largest river in Gabon. The temperatures in the area range from
27 ◦C to 38 ◦C and precipitation reaches 1800 to 2000 mm annually. The plantation is located on a
ferralitic Cambisol-dominant soil. Established in 1981, it is the oldest plantation of oil palm in Gabon.
It currently covers 5700 ha, with an average density of 134 oil palm trees per hectare. Mature oil palms
represent an area of about 1500 ha. The plantation is divided into blocks. One of these blocks was the
study area, located between longitudes 10◦24′27′′ E and 10◦24′57′′ E, and latitudes 0◦30′06′′ S and
0◦30′16′′ S (Figure 1). The block considered covered an area of 25 ha (1000 m × 250 m). The palm trees
inside the block were mature and were planted in both dry and flooded areas (Figure 1).

In 2019, the plantation obtained “Roundtable on Sustainable Palm Oil” (RSPO) certification for its
efforts to protect the environment and encourage sustainable development by complying with global
standards for sustainable palm oil. The RSPO certification committed Olam Palm Gabon to respecting
several principles and criteria for managing the plantation, including among others (1) reducing
deforestation, (2) encouraging the responsible use of agro-chemical products in the production system
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and (3) avoiding conflicts between local communities and plantation owners. The implementation of all
these actions contributed to the sustainable exploitation of oil palm trees. The company’s commitment
to not convert primary forests, areas of high conservation value, peatlands as well as land belonging to
local communities into plantations, considerably limits deforestation.

Although located in the heart of the tropical forest in the Congo Basin, the area where the stuied
plantation was positioned cannot be considered as fully representative of the conditions prevailing
throughout the whole basin, which is a very large region. Nevertheless, it reflected certain similar
natural aspects, notably in terms of tropical forest, biodiversity, climate, soil type and hydrography.

 
Figure 1. Study area.

2.2. Data Collection

2.2.1. Field Data Measurement

The sampling was conducted in a 35-year old plantation. In this area, eighteen oil palms were
felled during the rainy season in October 2017 to obtain information on their aboveground biomass.
Each felled palm tree was randomly selected within a 30.8 m × 30.8 m sample plot across the plantation
block. The sample plots were randomly located in the study block. Eight of them were located in flood
prone areas, while ten were on drylands (Figure 1). The individuals were healthy and not deformed by
disease. The DBH of each selected palm, together with its stem height (HT) and total height (HTOT),
were recorded using a standard measuring tape (DBH in cm and heights in m). The stem height was
measured from the stump to the first branch, while the total height was taken from the stump to the
top of the crown. The total number of leaves (NF) on each palm was also counted. Following these
measurements, the palm stem was sectioned into logs at fixed 0.5 m increments. The diameters and
heights of the palm trees in the flood prone and neighboring areas were smaller (less than 52 cm for
DBH and less than 16.4 m for HTOT) than those located on the dryland (more than or equal to 52 cm for
DBH and 15.1 m for HTOT). The basic statistics of the measurements that were taken in the field are
summarized in Table 1.

Once the measurements were taken and the stem was sectioned, each oil palm was separated into
different components, namely the stem elements and the leaves, which included the petioles, rachis,
leaflets and the fruits. The fresh mass of each component was immediately recorded using a one-ton
scale. Subsamples were then taken from each component. Stem samples were taken from the first
three cut logs, starting with the stump from the middle, and then from the crownward end of the stem.
Samples were taken from the butt or bottom end of each log, in the form of a right angled triangle that
varied in thickness from 2.7 to 4.8 cm, and from 12 to 48 cm for the lengths of the sides forming the
right angle of the triangle. The same samples represented one-quarter of the large end of the stem
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section. Following weighing, all samples were inserted into numbered freezer bags for laboratory
determinations. A summary of all the data on oil palms is presented in Table A1.

Table 1. Summary of the field measurements for 18 felled oil palms: n is the number of oil palms; DBH,
HT, HTOT and NF are respectively the diameter at breast height (cm, measured 1.3 m above the ground
surface), the stem height (m), the total height (m) and the leaf number per tree.

Parameter Minimum Maximum Mean SE %SE

DBH 48.8 57.9 53.1 0.71 1.34
HT 6.65 10.0 8.46 0.22 2.60

HTOT 14.5 18.2 15.97 0.22 1.38
NF 27 39 33.27 0.92 2.77

SE is the standard error for each parameter.

2.2.2. Laboratory Measurements

Subsamples that were taken from the components of the 18 individuals palms (stems, petioles,
rachis, leaflets and fruit) were dried under ambient air conditions and then placed in drying oven
(or steamer) at 105 ◦C (except for the leaflets, 65 ◦C) to obtain wet-to-dry conversion factors. Six oil
palms were selected to obtain dried fruit masses, but not all of the individuals bore fruit. The individual
components were dried to constant mass (3 consecutive days) [27,29,30] and weighed on a 5 kg
balance. Thus, the dry mass fraction (DMF) of each sample per component (stems, petioles, rachis,
fruit and leaflets) was calculated as the ratio of the dry mass that was recorded in the laboratory to
the corresponding fresh mass that was obtained in the field for each oil palm. A mean DMF value
was determined for each component. Table 2 summarizes the means that were obtained for each
component and for the whole palm tree.

Table 2. Summary of the infra-density, dry mass fractions and the average total dry mass of the palm
components for 18 individuals that were felled in Makouké, central Gabon.

Components Minimum Maximum Mean SE % SE

Descriptive Statistical Parameters for Dry Mass Fractions (DMF)
Stem 0.253 0.347 0.301 0.006 2.020

Petiole 0.134 0.245 0.194 0.007 3.805
Fruit 0.156 0.221 0.190 0.009 5.059

Rachis 0.233 0.335 0.277 0.006 2.386
Leaflet 0.198 0.386 0.322 0.010 3.215

Whole oil palm 0.281 0.290 0.285 6.10−4 0.220

Descriptive Statistical Parameters for Infra-Density (g·cm−3)
Stem 0.25 0.3279 0.2930 0.0048 1.639

Descriptive Statistical Parameters for Total Dry Mass of Oil Palm Compartments (kg)
Stem 199.19 419.46 302.77 13.66 4.51

Petiole 20.89 46.31 33.28 1.64 4.92
Fruit 14 82.5 58.57 10.54 17,99

Rachis 29.38 83.16 56.50 3.31 5.86
Leaflet 13.29 29.57 21.42 1.03 4.83

Leaf
(Petioles, Fruit, Rachis + Leaflets) 77.15 148.79 114.93 5.19 4.52

Stem + Leaf 288.72 556.41 417.69 17.78 4.26

Finally, the fresh masses that were obtained in the field for each component of an oil palm were
multiplied by the corresponding average DMF to obtain their respective dry masses. From these
corrected values, it was then possible to determine the total dry mass of an individual oil palm. The dry
mass: total fresh mass ratios of the palms allowed us to estimate the DMF for each of the 18 palms.
The total dry masses of the different compartments of the 18 oil palms are presented in Table 2. In the
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laboratory, the infra-density (�) of the oil palm stem tissue was determined according to the protocol of
Rondeux [31], and Bauwens and Fayolle [32]. The mean infra-density of the oil palm stems is also
presented in Table 2.

2.3. Establishment and Validation Allometric Models

The data analyses were performed using the XLSTAT software (https://www.xlstat.com/fr/).
Scatterplots were created to better understand the distributions of the data. Consequently, outliers
were identified and checks were performed to detect the possible sources of error. Only data that
were correctly identified and reported were retained for the purposes of this study. Using data from
the 18 oil palm trees, two classes of DBH (48–54 cm and 54–58 cm) were established to determine
the proportions of biomass. The DBH class of 48-54 cm had 11 oil palms and that of 54–58 cm had
7 oil palms.

The basic expression that was employed in this research for creating the allometric equations took
the following form [33]:

y = aXb, (1)

where y is the dependent variable (dry aboveground biomass), X is the product of one or
more independent variables (e.g., DBH) and a and b are empirically estimated scaling factors.
Typically, the loge-transformed form of the equation is used to linearize the expression, while at
the same time homogenizing the variance, which increases the validity of statistical tests that are being
used [34–36]. The equation can be rewritten as

ln(y) = ln(a) + b ln(X), (2)

The independent variables that were considered here are DBH, HT, HTOT, � and NF. To obtain
unbiased estimations with log-transformed models, the bias caused by the conversion of ln (y) to the
original non-transformed scale y, should be corrected. The correction factor (CF) was used to make this
correction [26,27,30], such as CF = exp(root mean square error (RMSE) 2/2), where RMSE is the mean
square error of the regression equation. The original untransformed scale of y could be obtained by
y = (CF × a)Xb [30]. To develop the equations, 60% of the oil palms were randomly selected and used (i.e.,
11 of 18 palms). The remaining 40% (7 oil palms) were set aside for the independent validation of the
results. Both the data for development and validation were randomly located over drylands and flood
prone areas.

The performance of the established models was evaluated using different metrics. These included
the coefficient of determination (r2), the residual standard error (σ), the Akaike information criterion
(AIC), the relative error (ER), the relative percentage error (%ER), and the root mean square error
(RMSE) and its percentage (%RMSE). Similar metrics have been used in previous studies [30,37,38].
The expressions for calculating ER and RMSE are as follows:

ER =

∑n
i = n [(yi − yi)/yi]

n
, (3)

RMSE =

√∑n
i = 1 (yi − yi)

2

n
, (4)

where n is the number of observations, yi is the observed value for palm i, and yi is its predicted value.
The relative RMSE (%RMSE) was calculated as a percentage by dividing the RMSE by the observed
mean [38]. The relative percent error (%ER) was obtained by multiplying ER by 100. The interpretation
of the metrics differed when attempting to characterize the best performance. The higher the r2,
the more robust the equation was considered. In contrast, the lower the AIC value, the better the
model fit. In all cases, the errors (ER, %ER, σ, RMSE, %RMSE) should be as small as possible.
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However, Kuyah et al. [39] and Yang et al. [30] have recommended giving more weight to the bias and
RMSE rather than to an adjusted r2 or AIC in deciding the final optimal model [30].

The field data that were obtained from seven randomly selected sample plots were used to validate
the equations that we had developed. The same metrics were considered in the validation, except for
the standard residual error. Error distributions were established to better understand the predictive
performance of the models.

2.4. Comparisons with Existing Biomass Allometric Models

Previous studies by different authors have established allometric equations for estimating the dry
aboveground biomass of oil palms in several tropical regions of the world, i.e., Africa, Amazonia and
Asia–Oceania. Table 3 summarizes the previously published equations, which were considered here
for comparison. The work covered at least four different oil palm species. Depending on the study,
the equations were available for the total above-ground biomass or for specific compartments (such as
stem or leaves). The data from the seven validation sample plots were used to verify the applicability
of each model to our study area and to compare their performance with the equations developed in
this research. Our aim was to determine whether an existing biomass model for oil palm which was
developed elsewhere could be used in the Congo Basin. The evaluations were made by quantifying
the errors (ER, %ER, RMSE and %RMSE) for each model relative to the data that were used.

Table 3. Existing biomass models that were considered. B = total aboveground biomass (kg); BF = total
aboveground fresh biomass of an oil palm (kg); BStem = stem biomass (kg); NF = number of leaves;
BFSR = leaf biomass without rachis (kg); BRachis = rachis biomass (kg); DBH = diameter at breast height
(in cm, measured 1.3 m above ground surface); HTcm = stem height of a palm (cm); CF = correction
factor; n = number of palms that were sampled. r2 = coefficient of determination. The other variables
have been previously defined in the text.

Source
Geographic

Region
Palm

Species
Existing Biomass Model (kg tree−1) CF r2 n

Khalid et al. [4] Malaysia Elaeis
guineensis BF = 725 + 197 × HTOT 0.96 7

Thenkabail et al. [20] Benin
Elaeis

guineensis
BF = 1.5729 × HTcm – 8.2835 0,97 7
B = 0.3747 × HTcm + 3.6334 0.98 7

Hughes et al. [25] Mexico Astrocaryum
mexicanum B = exp(3.6272 + 0.5768 × ln(DBH2HT)) CF/106 1.02 0.73 15

Saldarriaga et al. [18] Colombia and
Venezuela Common B = exp(−6.3789 – 0.877 × ln(1/DBH2) +

2.151 × ln(HT))
0.89 19

Goodman et al. [27] Amazonia (Peru) Common B = 0.0950 × (DMF × DBH2HT) 0.99 106

Da Silva et al. [22] Brazil
Euterpe

precatoria

B = 0.167 × (DBH2HT�) 0.883 0.98 1 20
BStem = exp(0.1212 + 0.90 × ln(DBH2HT�)) 0.98 1 20

BLeaf = exp(0.0065 + 0.69 × ln(DBH2HTNF)) 0.94 1 20

Cole and Ewel [26] Tropical zone
(Costa Rica)

Euterpe
oleraceae

BStem = 0.0314 × (DBH2HT)0.917 × CF 1.04 0.95 156
BFSR = 0.0237 × (DBH2HTNF)0.512 × CF 1.036 0.94 182

BRachis = 0.0458 × (DBH2HTNF)0.388 × CF 1.036 0.90 187
1 Da Silva [22] used adjusted values of the coefficient of determination (Radj

2) rather than r2.

3. Results

3.1. Distribution of Biomass Proportions

Average proportions are shown in Figure 2 for the aboveground oil palm biomass per compartment
as a function of the DBH class. The aboveground biomass of the 18 oil palms that were sampled
was concentrated mainly in the stems (72.51%). Leaf biomass (including petioles, rachises, fruits
and leaflets) represented on average 27.50% of the total aboveground biomass. Average biomass
proportions of rachises (13.53%) were much higher than those of petioles (7.95%) and fruits and leaflets
(6.02%). The difference between the biomass proportions in each compartment by diameter class
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(48–54 cm vs. 54–58 cm) was analyzed by simple linear regression. Proportions did not significantly
differ between the DBH classes (r2 = 0.999, p < 0.0001).

 
Figure 2. Mean proportions of the aboveground biomass for the 18 oil palms, Makouké, central Gabon.

3.2. Relationships between Variables

Before creating the biomass equations, we first examined the interrelationships between the
variables under consideration. Clearly, the question was whether variation in �, HTOT, HT and NF

could be explained by the diameter (DBH). As shown in Table 4 and Figure 3, the respective allometric
relationships were significant (p < 0.05) between the dependent variables �, HTOT, HT and NF, vs.
the independent variable DBH, with a moderate to strong r2 (0.538 to 0.806). The %RMSE was < 3%
(Table 4). On the one hand, the strongest relationship was obtained between the stem height and
the DBH (r2 = 0.806; p = 0.0001). On the other hand, the weakest relationship (albeit, statistically
significant) with the DBH was obtained with the total tree height (r2 = 0.538; p = 0.010).

3.3. Allometric Biomass Models That Were Developed

Allometric models of the aboveground oil palm biomass were developed for the different
compartments, i.e., stem, leaves and the total aerial biomass. Several equations were tested to
determine which were the best models; we referred to these as the local models. All the established
local allometric models for estimating the aboveground biomass provided low errors overall (Table 5:
%RMSE < 4%; σ < 1 kg for mean biomass = 417.7 kg; r2 ≥ 0.564, p < 0.05; %ER < 1.3%). Model 6, which
was based upon DBH, yielded the highest r2 = 0.959 (p < 0.0001) and the lowest errors (%RMSE = 0.54%,
%ER = 0.003%) compared to all the other local models (7 and 8) using individual explanatory variables
(�, HT and HTOT) (Table 5).

108



Forests 2020, 11, 544

T
a

b
le

4
.

C
ri

te
ri

a
fo

r
ev

al
u

at
in

g
th

e
al

lo
m

et
ri

c
re

la
ti

on
sh

ip
s

be
tw

ee
n

th
e

D
B

H
an

d
th

e
d

ep
en

d
en

t
va

ri
ab

le
s

u
si

ng
d

at
a

fr
om

11
oi

lp
al

m
s

in
M

ak
ou

ké
,c

en
tr

al
G

ab
on

.V
al

ue
s

of
th

e
co

effi
ci

en
ts

a
an

d
b

of
th

e
m

od
el

s
ar

e
gi

ve
n;

σ
is

th
e

re
si

d
ua

ls
ta

nd
ar

d
er

ro
r

(i
n

kg
);

p
is

th
e

p-
va

lu
e

of
th

e
m

od
el

.C
F

is
th

e
co

rr
ec

ti
on

fa
ct

or
fo

r
th

e
lo

g-
tr

an
sf

or
m

ed
eq

u
at

io
n.

R
es

id
u

al
st

an
d

ar
d

er
ro

rs
(σ

,i
n

kg
),

A
ka

ik
e

In
fo

rm
at

io
n

C
ri

te
ri

on
(A

IC
),

re
la

ti
ve

er
ro

r
(E

R
),

re
la

ti
ve

p
er

ce
nt

ag
e

er
ro

r
(%

E
R

),
ro

ot
-m

ea
n-

sq
ua

re
er

ro
r

(R
M

SE
,i

n
kg

)a
nd

it
s

pe
rc

en
ta

ge
(%

R
M

SE
)a

re
sh

ow
n

fo
r

ea
ch

eq
ua

ti
on

.

M
o

d
e

l
a

b
r2

σ
A

IC
C

F
p

E
R

%
E

R
R

M
S

E
%

R
M

S
E

M
o

d
e

l
1

:
ln

(�
)
=

a
+

b
×

ln
(D

B
H

)
−5

.0
57

0.
96

7
0.

67
4

0.
03

7
−7

3.
34

3
1.

00
06

0.
00

2
75
×1

0−
5

0.
07

5
0.

03
4

2.
79

3
M

o
d

e
l

2
:

ln
(N

F
)
=

a
+

b
×

ln
(D

B
H

)
−3

.8
92

1.
86

8
0.

80
4

0.
05

1
−6

3.
39

0
1.

00
11

0.
00

01
17

.5
×1

0−
5

0.
01

7
0.

04
6

1.
32

7
M

o
d

e
l

3
:

ln
(H

T
)
=

a
+

b
×

ln
(D

B
H

)
−4

.3
42

1.
60

8
0.

80
6

0.
04

4
−6

6.
84

3
1.

00
08

0.
00

01
34

.6
×1

0−
5

0.
03

4
0.

03
9

1.
86

9
M

o
d

e
l

4
:

ln
(H

T
O

T
)
=

a
+

b
×

ln
(D

B
H

)
−0

.1
79

0.
74

6
0.

53
8

0.
03

8
−6

9.
76

9
1.

00
06

0.
01

0
15

.4
×1

0−
5

0.
01

5
0.

03
4

1.
25

8  

F
ig

u
re

3
.

A
llo

m
et

ri
c

re
la

ti
on

sh
ip

s
be

tw
ee

n
th

e
va

ri
ab

le
s

an
d

th
e

D
B

H
of

th
e

11
oi

lp
al

m
s

u
se

d
in

th
is

st
u

d
y

to
d

ev
el

op
lo

ca
lb

io
m

as
s

m
od

el
s:

(a
)

re
la

ti
on

sh
ip

be
tw

ee
n

to
ta

lh
ei

gh
tv

s.
D

BH
;(

b
)r

el
at

io
ns

hi
p

be
tw

ee
n

st
em

he
ig

ht
vs

.D
BH

;(
c)

re
la

tio
ns

hi
p

be
tw

ee
n

in
fr

a-
de

ns
ity

vs
.D

BH
;a

nd
(d

)r
el

at
io

ns
hi

p
be

tw
ee

n
nu

m
be

r
of

le
av

es
vs

.D
BH

.

109



Forests 2020, 11, 544

T
a

b
le

5
.

L
oc

al
al

lo
m

et
ri

c
bi

om
as

s
m

od
el

s
th

at
w

er
e

d
ev

el
op

ed
in

th
is

st
u

d
y.

B
is

th
e

to
ta

ld
ry

ab
ov

eg
ro

u
nd

oi
lp

al
m

bi
om

as
s.

B
St

em
,B

Le
af

,B
FS

R
an

d
B

R
ac

hi
s

ar
e

re
sp

ec
tiv

el
y

st
em

,l
ea

f(
in

cl
ud

in
g

pe
tio

le
s,

ra
ch

is
an

d
le

afl
et

s)
,r

ac
hi

s-
fr

ee
le

af
an

d
ra

ch
is

bi
om

as
se

s.
P

is
th

e
p-

va
lu

e
of

th
e

m
od

el
.R

es
id

ua
ls

ta
nd

ar
d

er
ro

r
(σ

,i
n

kg
),

th
e

co
rr

ec
ti

on
fa

ct
or

(C
F)

,t
he

ER
an

d
th

e
R

M
SE

ar
e

sh
ow

n
fo

r
ea

ch
eq

ua
ti

on
.

M
o

d
e
l

a
b

r2
σ

A
IC

P
C

F
E

R
%

E
R

R
M

S
E

%
R

M
S

E

A
ll

o
m

e
tr

ic
E

q
u

a
ti

o
n

s
U

si
n

g
In

fr
a
-D

e
n

si
ty

(�
)

o
r

D
B

H
a
s

th
e

P
re

d
ic

to
r

M
o

d
e
l

5
ln

(B
)=

a
+

bl
n(
�)

8.
75

5
2.

22
3

0.
68

5
0.

09
9

−4
8.

98
5

0.
00

2
1.

00
41

22
.1
×1

0−
5

0.
02

2
0.

08
9

1.
48

8
M

o
d

e
l

6
ln

(B
)=

a
+

bl
n(

D
BH

)
−6

.2
56

3.
10

0
0.

95
9

0.
03

5
−7

1.
48

0
<

0.
00

01
1.

00
05

2.
8
×1

0−
5

0.
00

2
0.

03
2

0.
53

5

E
q

u
a
ti

o
n

s
u

si
n

g
h

e
ig

h
t

a
s

th
e

p
re

d
ic

to
r

M
o

d
e
l

7
ln

(B
)=

a
+

bl
n(

H
T

)
2.

61
6

1.
60

4
0.

82
4

0.
07

4
−5

5.
38

3
0.

00
01

1.
00

22
12

.3
×1

0−
5

0.
01

2
0.

06
7

1.
11

2
M

o
d

e
l

8
ln

(B
)=

a
+

bl
n(

H
TO

T
)

−0
.4

43
2.

33
3

0.
56

2
0.

11
7

−4
5.

35
0

0.
00

8
1.

00
56

30
.4
×1

0−
5

0.
03

0
0.

10
6

1.
75

5

A
ll

o
m

e
tr

ic
E

q
u

a
ti

o
n

s
U

si
n

g
D

B
H

a
n

d
H

e
ig

h
t

a
s

C
o

m
p

o
si

te
P

re
d

ic
to

rs

M
o

d
e
l

9
ln

(B
)=

a
+

bl
n(

D
BH

2 H
T

)
−2

.3
35

0.
83

2
0.

94
2

0.
04

2
−6

7.
60

6
<

0.
00

01
1.

00
07

4
×1

0−
5

0.
00

4
0.

03
8

0.
63

8

A
ll

o
m

e
tr

ic
E

q
u

a
ti

o
n

s
U

si
n

g
D

B
H

,
H

e
ig

h
t

a
n

d
In

fr
a
-D

e
n

si
ty

a
s

C
o

m
p

o
si

te
P

re
d

ic
to

rs

M
o

d
e
l

1
0

ln
(B

)=
bl

n(
D

BH
2 H

T
�)

0.
68

3
0.

99
9

0.
04

39
−6

8.
56

0
0.

00
01

1.
00

08
− 2

.1
×1

0−
5

−0
.0

02
0.

04
0

0.
66

9
M

o
d

e
l

1
1

ln
(B

)=
a
+

bl
n(

D
BH

2 H
T
�)

0.
27

7
0.

65
1

0.
93

8
0.

04
3

−6
6.

93
8

<
0.

00
01

1.
00

08
4.

3
×1

0−
5

0.
00

4
0.

03
9

0.
65

8

A
ll

o
m

e
tr

ic
E

q
u

a
ti

o
n

s
U

si
n

g
D

B
H

,
H

T
,
�

o
r

N
F

a
s

C
o

m
p

o
si

te
V

a
ri

a
b

le
s

to
E

st
im

a
te

A
b

o
v

e
g

ro
u

n
d

B
io

m
a
ss

fr
o

m
It

s
C

o
m

p
o

n
e
n

ts
(S

te
m

s,
R

a
ch

is
e
s,

L
e
a
v

e
s

w
it

h
/w

it
h

o
u

t
R

a
ch

is
e
s)

M
o

d
e
l

1
2

ln
(B

St
em

)=
a
+

bl
n(

D
BH

)
−6

.7
76

3.
14

7
0.

93
0

0.
04

8
−6

4,
93

3
<

0.
00

01
1.

00
10

5.
6
×1

0−
5

0.
00

5
0.

04
3

0.
76

2
ln

(B
Le

af
)=

a
+

b(
D

BH
)

−7
.1

88
3.

01
4

0.
67

9
0.

11
5

−4
5,

60
5

0.
00

2
1.

00
55

51
.4
×1

0−
5

0.
05

1
0.

10
4

2.
19

7

M
o

d
e
l

1
3

ln
(B

St
em

)=
a
+

bl
n(

D
BH

2 H
T

)
−2

.8
31

0.
84

8
0.

92
1

0.
05

1
−6

3,
59

4
<

0.
00

01
1.

00
10

6.
4
×1

0−
5

0.
00

6
0.

04
6

0.
81

0
ln

(B
FS

R
)=

a
+

bl
n(

D
BH

2 H
T

N
F
)

−3
.1

24
0.

53
0

0.
56

4
0.

14
6

−4
0,

43
0

0.
00

8
1.

00
88

11
5.

1
×1

0−
5

0.
11

5
0.

13
2

3.
25

7
ln

(B
R

ac
hi

s)
=

a
+

bl
n(

D
BH

2 H
T

N
F
)

−4
.0

41
0.

59
7

0.
70

2
0.

12
2

−4
4,

33
2

0.
00

1
1.

00
62

74
.9
×1

0−
5

0.
07

4
0.

11
1

2.
72

4

M
o

d
e
l

1
4

ln
(B

St
em

)=
bl

n(
D

BH
2 H

T
�)

0.
64

5
0.

99
9

0.
03

7
−7

1.
84

4
<

0.
00

01
1.

00
06

11
×1

0−
5

0.
01

1
0.

03
4

0.
61

0
ln

(B
Le

af
)=

bl
n(

D
BH

2 H
T

N
F
)

0.
35

1
0.

99
9

0.
10

3
−4

6.
40

6
<

0.
00

01
1.

00
61

10
9.

6
×1

0−
5

0.
10

9
0.

11
0

2.
32

0

M
o

d
e
l

1
5

ln
(B

St
em

)=
a
+

bl
n(

D
BH

2 H
T
�)

−0
.2

95
0.

67
8

0.
95

8
0.

03
7

−7
0.

42
9

<
0.

00
01

1.
00

06
3.

4
×1

0−
5

0.
00

3
0.

03
3

0.
59

4
ln

(B
Le

af
)=

a
+

bl
n(

D
BH

2 H
T

N
F
)

−2
.8

52
0.

56
1

0.
74

7
0.

10
3

−4
8.

20
5

0.
00

1
1.

00
43

40
.4
×1

0−
5

0.
04

0
0.

09
3

1.
95

2

110



Forests 2020, 11, 544

The local models that were constructed from stem heights (%RMSE < 1.12; r2 > 0.8; p ≤ 0.0001;
AIC < −55.4) were more efficient than those designed using the total heights (%RMSE < 1.8; r2 > 0.5;
p ≤ 0.008; AIC < −45.4). The allometric models of the aboveground biomass using composite variables
(DBH2HT or DBH2HT �) performed in a manner that was relatively similar to those solely based upon
DBH (Table 5).

The allometric relationships between stem and leaf biomass with DBH, as an independent
variable (Model 12), were significant with r2 values of 0.930 and 0.679, respectively. The errors
associated with these relationships were relatively small (%RMSE = 0.76%; RMSE = 0.04 kg for stems,
%RMSE = 0.10%; RMSE = 2.19 kg for leaves) (Table 5). All of the allometric models estimating stem
and leaf biomasses (13 and 14), with the exception of Model 15, exhibited evaluation performances that
were close to those of Model 12 (Table 5). Errors for Model 15 in predicting stem and leaf biomass
were lower (RMSE < 0.094 kg; %RMSE < 1.96%) than those for Models 12, 13 and 14 (RMSE < 0.14 kg;
%RMSE < 3.28%). In summary, according to the results that we obtained, the total aboveground
biomass of oil palm was best correlated with the DBH compared to the stem or leaf biomass (Figure 4).

 

Figure 4. Allometric relationships between the biomass components of 11 oil palms and their
corresponding DBH.

3.4. Validation of Local Allometric Models

Seven palm trees were used to validate the relationships between the individual variables that
were considered (�, HTOT, HT and NF) and the DBH, together with the allometric relationships that
were obtained with log sections. Validation results are reported in Table 6. All the variables that
were considered were significantly related to DBH (r2 ≥ 0.66; p ≤ 0.026), with relatively small errors
(%RMSE ≤ 9.6%; %ER ≤ 7.5%). The relationships that were obtained for the total height (Model 4) and
infra-density (Model 1) appeared to be the most robust following validation (Table 6).
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Table 6. Validation of the allometric relationships between the individual explanatory variables (�,
HTOT, HT and NF) and the DBH (for estimates of a and b, see Table 4).

Model r2 AIC p ER %ER RMSE %RMSE

Model 1:
ln(�) = a + b × ln(DBH) 0.787 −60.077 0.008 0.034 3.407 0.014 4.845

Model 2:
ln(NF) = a + b × ln(DBH) 0.750 13.371 0.012 0.075 7.552 3.098 9.638

Model 3:
ln(HT) = a + b × ln(DBH) 0.660 −3.111 0.026 0.0006 0.068 0.645 7.697

Model 4:
ln(HTOT) = a + b × ln(DBH) 0.927 −15.660 0.001 0.001 0.136 0.583 3.712

Different local allometric biomass estimation models that were proposed in Section 3.3 were
validated using the data that were independently collected from the seven sample plots. The same
performance evaluation metrics were considered. Table 7 summarizes the validation results that were
obtained. Adding the stem height and infra-density or the stem height and leaf count to the model using
the DBH alone as the predictor improved the predictions, as shown in the results. The introduction
of infra-density (�) to the models that were based upon the combination (DBH2HT) contributed to
the improvement of all the validation criteria of these allometric models. As an example, the root
mean square error decreased from 8.2% to 5.7% when moving from Model 9 (excluding infra-density)
to Model 11 (including infra-density). In the same vein, taking into account the leaf number (NF) in
allometric models using DBH2HT improved the estimates of leaf biomass and by extension, the entire
palm tree. The results of Allometric Models 14 and 15 clearly showed these improvements compared
to models in which the leaves were not considered.

Model 9 yielded the highest r2 (0.939, p < 0.0001), the smallest AIC (45.3) and the lowest %RMSE
(8.2%) among all the allometric models using structural parameters that were measured directly on oil
palm (DBH and HT) (Table 7). With the addition of a variable that is not directly measurable, such as
infra-density (�), Allometric Model 11 slightly improves upon Allometric Model 9. Allometric Model
15 includes both infra-density and leaf number (a parameter usually not available). This model
exhibited the best performance in this study, with a relative RMSE of 5% (Table 7). By combining the
aboveground biomass of the stems (DBH2HT�) and leaves (DBH2HTNF), Model 15 stands out as the
best of the local biomass allometric models that were developed in the study (Table 7). The expressions
of these three (3) models are described below:

Allometric Model 9 : B = 1.0007 ∗ exp
[
−2.335 + 0.832× ln

(
DBH2HT

)]
, (5)

Allometric Model 11 : B = 1.0008 ∗ exp
[
0.277 + 0.65× 1 ln

(
DBH2HTρ

)]
, (6)

Allometric Model 15 : B = BStem + BLea f= 1.0005 ∗ exp [−0.295 + 0.678× ln(DBH2HTρ)]
+1.0043 ∗ exp[−2.852 + 0.561× ln (DBH2HTNF)]

(7)
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3.5. Validation of Existing Allometric Biomass Models

Nine existing models (Table 3) were evaluated using the data from the seven palm trees. The results
are compiled in Table 8. Among the existing allometric models only using stem height as the predictor,
the allometric equation Thenk2004a that was proposed by Thenkabail et al. [20] produced the lowest
error (%RMSE = 13.7%). Although the values were lower, these results were relatively close to those
provided by Allometric Model 7 that was proposed in this study (%RMSE = 9.63%). The other two
existing allometric models that were based upon height had errors > 20% (Table 8). In the category of
allometric models using the DBH and height together, the two existing models of Hughes et al. [25] and
Saldarriaga et al. [18] could not be directly used in the study area because they produced very large
estimation errors (%RMSE > 100%), unlike Model 9 in this study (%RMSE of about 8%). The allometric
equation DaSilva2015a, which was devised by Da Silva et al. [22], stood out among the models that
were based upon DBH, height, infra-density or the dry mass fraction (DMF) as composite explanatory
variables. It produced a small error (%RMSE = 9.3%), which was close to that of the Local Allometric
Model 11 which was developed in this study (%RMSE = 5.8%). Figure 5a illustrates the proximity
of the two allometric models. Finally, in the category of allometric models estimating the total aerial
biomass of the palm from the biomass of its components (stems, leaves or rachis) considering the DBH,
HT, and � and NF as composite explanatory variables, the two existing models produced errors of
less than 24% (Table 8). The allometric equation DaSilva2015b from Da Silva et al. [22] provided an
%RMSE of 10.9%. However, this error was almost double that produced by Allometric Model 15 in this
study. Figure 5b illustrates the results of the five existing models that produced the lowest errors in
our study area. The results of the three best local allometric models that were proposed in this study
are also shown for comparison purposes. Dispersion is greater in the estimated biomasses for larger
diameters (>52 cm). The allometric equations ColEwe2006 [26] and Thenk2004b [20] systematically
underestimated the biomass in the area. The associated errors were generally > 20%. Other existing
allometric models in Figure 5b produced relative errors < 15%, although they were not developed
specifically for the region. Of course, local models were more efficient with relative errors that were
generally < 10%.

a)  

Figure 5. Cont.
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b)  

Figure 5. Comparison of the selected existing allometric models with the best allometric models that
were proposed in this study: (a) biomass variation according to DBH; (b) relative error variation
according to DBH.

Table 8. Comparison of the existing allometric biomass models to the corresponding local models that
were developed in this study.

Reference Name ER %ER RMSE %RMSE

Allometric Equations Using Height as an Explanatory Variable
Khalid et al. [4] Khal1999 1.725 172.583 669.968 166.109
Thenkabail et al. [20] (Dry biomass model) Thenk2004b −0.198 −19.838 96.752 23.988
Thenkabail et al. [20] (Fresh biomass model) Thenk2004a −0.077 −7.752 55.317 13.715
This study Model 7 0.042 4.157 38.854 9.633

Allometric Equations Using DBH and Height as Compound Explanatory Variables
Saldarriaga et al. [18] Sald1988 −0.999 −99.999 410.677 101.821
Hughes et al. [25] Flyn1999 −0.999 −99.996 410.664 101.818
This study Model 9 0.065 6.501 33.027 8.188

Allometric Equations Using DBH, Height and Infra-Density or Dry Mass Fraction as Composite Explanatory Variables
Goodman et al. [27] Good2013 −0.994 −99.408 408.402 101.257
Da Silva et al. [22] (Not compartmentalized allometric biomass model) DaSil2015a 0.024 2.413 37.699 9.347
This study Model 11 0.042 4.247 23.339 5.786

Allometric Equations Estimating Aboveground Biomass (B) from Biomass Components (Stems, Leaves or Rachis) Using
DBH, HT and � or NF

Cole and Ewel [26] ColEwe2006 −0.211 −21.122 92.841 23.018
Da Silva et al. [22] (Compartmentalized allometric biomass model) DaSil2015b 0.050 5.007 44.157 10.948
This study Model 15 0.036 3.684 20.692 5.130

4. Discussion

4.1. Interpretation of Biomass Distribution

The distribution of the aboveground oil palm biomass among the components showed that on
average the stems produced most of the biomass (about 73%) compared to the leaves (rachis + petiole
+ fruits/leaflets), which produced a total of about 27%. The palms that were considered in this study
were generally older (>30 years) than those that were measured in most previous studies. They were
practically at the stage of maximum maturity in the case of plantations. Nevertheless, other studies
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have reported distributions of relatively similar proportions for younger age classes. For example,
Da Silva et al. [22] also noted the high proportion of stem biomass (86.4%) to leaf biomass (13.6%) in
Brazil for oil palms with DBHs between 3.9 and 12.7 cm. The results that were obtained by Cole and
Ewel [26] in Costa Rica were even more comparable than those obtained in this study, i.e., about 78% for
stems and 22% for leaves for 13-year-old oil palms with DBH < 20 cm. According to the various results,
the proportions of oil palm compartment biomasses (stem vs. leaf) varied only slightly according to
age and diameter in the tropical regions that were considered. This lack of variability could likely
be attributed to the maintenance that was practiced in these plantations. In natural environments,
palm growth may be less homogeneous, depending upon site conditions, which in turn could affect
the proportions of biomass among tree compartments. The plantation considered in this study was
composed of old trees of 35 years old. This constitutes a limitation, as it is not representative of young
and medium age plantations which can be found in the Congo Basin and elsewhere.

4.2. Evaluation of Local Allometric Biomass Equations

In this study, the stem diameter was measured at 1.3 m above the ground surface (DBH), consistent
with other studies estimating the aboveground biomass of oil palms [22,23,27]. Several allometric
relationships were established to estimate the oil palm biomass in this research (see Table 5).

Our results show an improvement in allometric relationships between biomass and DBH when
height or infra-density are taken into account (Table 7). The integrative variable DBH2HT (Model
9) is effective in estimating palm biomass on the study site, as has been the case in other tropical
areas [18,25,36]. The cylindrical shape of the oil palm stem, geometrically characterized by the
combination DBH2HT, could explain the strong relationship with biomass. Indeed, the latter is
essentially concentrated in the stem (Figure 2). Estimating biomass using DBH2HT is an alternative,
non-destructive method in different tropical oil palm-producing regions.

The infra-density (�) of wood varies according to the type of species, plantation density and
growing conditions [30]. The average value of � obtained for the palm stems that were considered in this
study (>30-years) equals 0.293 g·cm−3. The estimate was within the range from 0.21 to 0.41 g·cm−3 that
was defined by Supriadi et al. [40] for Elais guineensis-type palms. The relationship between biomass
and infra-density appears to be very significant (see Allometric Model 5, Table 7). Thus, the weighting
of the composite variable DBH2HT with infra-density resulted in considerable improvement in palm
biomass prediction, as demonstrated by the very small error (%RMSE = 5.8%) that was obtained with
Allometric Model 11 (Table 7). The combination of the three variables (DBH, HT, �) has also provided
significant results in previous work [21,22].

To consider the contributions of all the components of the palm, we integrated the biomass that
was contained in the leaves with that of the stem. The resulting Allometric Model 15 stands out as
the best performing of all models that were proposed in this study, with a %RMSE of 5.1% (Tables 5
and 7). Previous work in other regions has reported similarly convincing results and demonstrated the
importance of considering the contributions of various components into account ([22,26]; see Table 3).
Nevertheless, a close look at the results shows that leaf inclusion did not appreciably improve biomass
estimates, compared to the results that were based solely upon DBH2HT� (Model 11) or DBH2HT

(Allometric Model 9). Despite incurring larger errors, Allometric Model 9 remains an interesting
alternative to Models 11 and 15 in the absence of infra-density or leaf number data.

Although strong relationships were developed in the study, it should be mentioned that the
low number of samples used remains a limitation. The study was based on a destructive approach.
Thus, only eighteen trees could be felled to acquire the data both for the development of the equations
and for their validation. A larger number of samples associated with a wider range of DBH and height
values is therefore recommended for future studies.
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4.3. Comparison of Local Models to Existing Allometric Biomass Models

Several allometric relationships have been proposed for estimating oil palm biomass elsewhere in
Africa, Asia–Oceania and the Neotropics (Central and South America). The current study sought to
understand whether some of these relationships were directly applicable to our site in the Congo Basin.
As expected, several allometric models produced large errors (%RMSE> 100%), together with unrealistic
variation in predicted biomass, especially for the highest DBHs (52 to 58 cm). This was the case for the
equations of Khalid et al. [4], Saldarriaga et al. [18], Goodman et al. [27] and Hughes et al. [25] that were
established for Malaysia, Colombia and Venezuela as well as Peru and Mexico, respectively (Table 8).
The very high errors could be explained by the very different site conditions and the great disparity in
the experimental data that were available for constructing the equations. Nonetheless, the allometric
equations of Thenkabail et al. [20] (Thenk2004a and b), Cole and Ewel [26] (ColEwe2006) and those
of Da Silva et al. [22] seem to be very applicable to the Congo Basin. Building upon research that
was conducted by Yang et al. [30], we investigated errors that were associated with these five existing
allometric relationships, together with our three best local models. Figure 6 shows the performance
of these different models as a function of the two selected classes of DBH (class 1: 48–52 cm; class
2: 52–58 cm). Among the different allometric models shown, the errors appeared larger for the
ColEwe2006 model [26] and Thenk2004b model [20] in both DBH classes, but remained < 25%.
The biomass errors observed with the allometric model of Thenkabail et al. [20] could be due to the
small stem heights that were used in their study (28–195 cm). Those of Cole and Ewel [26] could
possibly be explained by the short to tall oil palms that were considered in the development of their
model (1.3 to 20 m). The Thenk2004b allometric model that was developed in Benin and the two models
of Da Silva et al. [22] that were developed in Brazil yielded errors < 15%. In particular, the allometric
model DaSilv2015a produced results that were close to those of the models proposed in this study,
especially in the first DBH class. Indeed, the allometric models of Da Silva et al. [22] were constructed
from data comparable to those collected in our study (n = 20; HT = 8.8 m; � = 0.3306 g·cm−3). This could
be the cause of their strong performance, especially in class 1 DBH. The DBHs (3.9 and 12.7 cm) that
were used to establish the allometric models of Da Silva et al. [22] could have caused the slightly larger
errors that were observed in class 2.
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5. Conclusions

The present study estimated aboveground biomass using the structural parameters of oil palms
that were acquired in the Congo Basin using destructive sampling. About three-quarters of the palm
biomass was concentrated in the stem. Several allometric equations that were based on diameter at
breast height, height, infra-density, number of leaves, or some combination of these different variables,
were developed. The composite variable that was based upon the combination (DBH2HT) emerged
as the most interesting and perhaps useful explanatory variable for estimating oil palm biomass in
the current study. It was the basis of the three best models that were obtained. The best of the three
(Allometric Model 15) integrates the contributions of leaves and is characterized by a low error (%RMSE
about 5%). The second high-performance allometric model, which weights DBH2HT by infra-density,
also produces a low error of about 6%. The third allometric model (Model 9), which was based solely
upon DBH2HT, was the most practical alternative, given its relatively small error (about 8%) and the
fact that information on infra-density and palm leaf number is not always available. The study shows
that some allometric equations developed in other regions could have been used to estimate the palm
biomass in the site that we selected in the Congo Basin, but with slightly larger errors than those of the
three proposed allometric models. However, several existing models were not applicable because of
the large errors they produced in the site, due to differences in palm oil species, age or site conditions.

One of the main limitations in this study resides in the reduced number of samples used to develop
and then validate the allometric equations. Only the data from eighteen oil palms were available
for this study. Increasing the number of samples in future works would allow the development of
probably more robust equations. Such equations are essential to assess the carbon produced by oil
palms and understand the impact of the establishment of agro-industrial plantations in tropical forest
areas in the context of climate change, while helping their sustainable management. Combinations of
data that were acquired from experimental sites in different tropical regions across the globe could
make it possible to envisage the development of regional and pan-tropical allometric relationships for
estimating the aboveground biomass of oil palms.
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Abstract: Our research of common aspen (Populus tremula L.) focused on the forested mountainous
area in central Slovakia. Forest stands (specifically 27 plots from 9 sites) with ages between 2 and
15 years were included in measurements and sampling. Whole tree biomass of aspen individuals
was destructively sampled, separated into tree components (leaves, branches, stem, and roots), and
then dried and weighed. Subsamples of fresh leaves from three crown parts (upper, middle, and
lower) were scanned, dried, and weighed. Allometric biomass models with stem base diameter as
an independent variable were derived for individual tree components. Basic foliage traits, i.e., leaf
mass, leaf area, and specific leaf area, were modelled with regard to tree size and leaf position within
the crown. Moreover, biomass stock of the woody parts and foliage as well as the leaf area index
were modelled using mean stand diameter as an independent variable. Foliage traits changed with
both tree size and crown part. Biomass models showed that foliage contribution to total tree biomass
decreased with tree size. The total foliage area of a tree increased with tree size, reaching its maximum
value of about 12 m2 for a tree with a diameter of 120 mm. Leaf area index increased with mean stand
diameter, reaching a maximum value of 13.5 m2 m−2. Since no data for biomass allocation for common
aspen had been available at either the tree or stand levels, our findings might serve for both theoretical
(e.g., modelling of growth processes) and practical (forestry and agro-forestry stakeholders) purposes.

Keywords: tree components; biomass models; stem base diameter; specific leaf area; leaf area index

1. Introduction

Knowledge on the patterns of biomass partitioning of a variety of species is of high importance
for carbon reporting [1], tree physiology, plant ecology, and process-based modelling [2], and has
also applications for forestry management [3]. Although generalised biomass models can be used to
estimate biomass stock in forests stands [4], locally fitted models are recommended by the IPCC to
minimise the bias of estimations [5]. In addition, young stands are characterised by fast changes in
biomass allocation in individual tree compartments, due to which biomass equations developed for
older stands are not appropriate [6–8].

Considering a range of forest tree species, a lot of works focused on biomass allocation and
foliage traits with regard to a number of different factors, e.g., competition in a stand [9,10]. Few
authors [11–13] used the ratio between foliage dry mass and total dry plant biomass (leaf mass ratio;
LMR) or between foliage area and total plant dry biomass (leaf area ratio; LAR) to link them to ecological
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and production processes. Similarly, specific leaf area (ratio between leaf area and dry leaf mass; SLA)
has often been studied in plant ecology as one of the adaptation strategy indicators [14]. Canopy leaf
area of forests serves as a dominant physical control over primary production, transpiration, energy
exchange, and other physiological attributes related to a variety of ecosystem processes; hence, it is a
substantial element of ecological studies [15]. Here, the leaf area index (LAI, defined as the amount of
leaf area in the canopy per unit ground area) is the main parameter of the canopy [16]. None of these
indicators has been studied in common aspen either at the tree or the stand level.

Common aspen, or also named Eurasian aspen (Populus tremula L.), is one of the most widely
distributed tree species around the world [17]. It is a light-demanding broadleaved softwood tree species
that is native to boreal zones as well as to cooler parts, such as the temperate zones of Europe and
Asia [18]. It is one of the so-called pioneer species that occupy post-disturbance areas after windbreaks,
fire events, or clear cutting [17,19]. Although in forest stands dominated by other species it is usually
scattered, it can create homogeneous stands at post-disturbance areas [20].

The aspen grows very fast, especially during the first 15–20 years, i.e., in the period when crown
competition increases [20]. Even though the commercial importance of aspen is limited, the species
is often considered as a relevant part of forest ecosystems due to its fundamental importance for
other plant and animal species [21,22]. This species creates conditions for existence of a variety of
herbivorous, saprophytic invertebrates, fungi and lichens, birds, etc. [20]. It is one of the most attractive
tree species for forage for large herbivores [23]. Hence, its presence increases the carrying capacity of
red deer hunting grounds and can ensure the biological protection of other economically important
tree species [24].

Moreover, the species is considered to be soil ameliorating since its foliage litter contains high
concentrations of calcium, potassium, and magnesium [19]. It is also an important species for regulating
the microclimate and for enhancing the structural and biological diversity of open agricultural landscapes
in the temperate zone of Europe [22,25].

The share of aspen in Slovak forests is small, since from the point of its contribution to the wood
stock and forest area it was ranked 18th and 16th, respectively, out of all tree species (approximately
50) recorded in the national forestry inventory [26]. According to the data from the last National
Forest Inventory of Slovakia, aspen was recorded at 8% of the inventory plots [26]. Although it
occurred at elevations from 200 to 1300 m a.s.l., aspen was most frequent at elevations between 450 and
550 m a.s.l. [10]. Despite its good ecological values, it is not an important tree species for any biotopes
of European and national significance, nor is it a main tree species of any biotope. In Slovakia and
Czechia, aspen (similarly to many other softwood broadleaved tree species) occur more frequently in
stands growing on former agricultural land than on forest lands [27].

Since common aspen is fast growing and tolerant to extreme or nutrient-poor ecological conditions,
it might be a prospective species to produce biomass for energetic purposes or for pulp and paper
production [28]. Common aspen and its hybrids (especially P. tremula × P. tremuloides) are frequently
planted in Nordic and Baltic countries [29–31] and used for pulp production. The increasing demand
of woody biomass by the energy sector as well as by the forest industry will increase the need for
alternative wood sources. Applying “short rotation forestry” based on fast-growing tree species,
including those from the Populus genus, is a promising alternative [32]. While a number of papers have
focused on the biomass of a variety of tree species, nearly no information on the biomass characteristics
for common aspen is available and absolutely no works studied its biomass allocation patterns or
component traits in terms of ecological conditions or biological aspects. Our review of the European
literature focusing on common aspen indicated neglected interest in this species.

Therefore, the main aim of our paper was to quantify total tree biomass and its allocation to
components in common aspen at both the tree and stand levels. A further aim of the paper was to
quantify foliage traits (especially SLA) and stand canopy status (LAI) with respect to tree or stand size,
specifically stem base diameter.
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2. Material and Methods

2.1. Site and Stand Description

Our research focused on the forested mountainous area of central Slovakia belonging to the
Western Carpathians. In general, the forest composition of the Western Carpathians, which is a part
of the Carpathian Mountain Range, changes with altitude. At the lowest altitudes, oaks (mainly
Quercus robur L. and Q. petraeae (Matt.) Liebl.) dominate, while at the middle altitudes European beech
(Fagus sylvatica) is the dominant species. At higher altitudes (over approx. 900 m a.s.l.), coniferous
species such as Norway spruce (Picea abies (L.) H. Karst.), Silver fir (Abies alba Mill.), Scots pine
(Pinus sylvetris L.), and European larch (Larix decidua Mill.) prevail.

A preliminary selection of forest stands containing common aspen was conducted using a database
of Programs of Forest Management by Stand Units in Slovakia (available on: http://gis.nlcsk.org/lgis/)
based on specific information on tree species composition and stand age. The main criteria for forest
selection were (1) the share of the target tree species, i.e., aspen, had to be equal to or greater than 90%,
and (2) a stand age of maximum 20 years. Afterwards, we examined preselected forest stands in the
field, where we checked the origin and the actual contribution of aspen to tree species composition
in stands. The final selection of nine forest stands (Figure 1) was performed considering exclusively
natural regeneration and nearly a 100% share of aspen. The youngest selected stand was 2 years old
and the oldest stand was 15 years old. All stands were dense with no large gaps in the forest canopy.

 
Figure 1. Localization of common aspen stands selected for biomass sampling (namely: 1—Podkonice
I, 2—Podkonice II, 3—Telgart, 4—Kasova Lehota, 5—Straze, 6—Dobra Niva, 7—Suchan I, 8—Suchan II,
9—Opava).

The altitudinal range of the selected stands was between 335 m and 610 m a.s.l. (Table 1, i.e., they
occurred in the forest vegetation zone with natural prevalence of oak and beech). In the selected region
and altitudes, annual mean temperatures are between 5.0 ◦C and 8.5 ◦C, annual precipitation totals
fluctuate between 600 and 900 mm, and the growing season usually lasts from 130 to 175 days. Soils
are represented by Cambisols, Luvisols, and Rendzina (Table 1).
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Table 1. Site characteristics of the forest stands selected for common aspen sampling and measurements.

Locality
Name of Locality

Altitude Longitude Latitude Exposition Slope Soil
GroupCode (m a.s.l.) (◦) (◦) (◦) (%)

1 Podkonice I 550 48.7932 19.2672 228 15 Rendzina
2 Podkonice II 545 48.7931 19.2671 230 16 Rendzina
3 Telgart 870 48.8359 20.1711 61 9 Cambisol
4 Kasova Lehotka 610 48.6204 19.0288 231 121 Cambisol
5 Straze 335 48.5864 19.0897 213 13 Luvisols
6 Dobra Niva 365 48.4522 19.1003 50 7 Cambisol
7 Suchan I 540 48.2897 19.1022 355 14 Luvisols
8 Suchan II 540 48.2896 19.1023 357 13 Luvisols
9 Opava 525 48.1998 19.2235 227 22 Cambisol

2.2. Field and Laboratory Works

Field measurements and tree samplings were performed in the second half of the growing season
of 2018. In each selected stand, three circular plots were established with a distance between the plots
of at least 10 m. The radius of the plots varied between 1.5 m and 3.0 m, as it depended on stand density
and was chosen to cover at least 30 trees. Diameters at stem base (hereinafter as d0) and tree heights
were measured for all trees at the plots. In total, 27 circular plots and 971 trees were measured. Mean
tree and stand characteristics for the nine forest stands are presented in Table 2. Plot-level data were
used for subsequent calculations at a stand level using input data recorded at the tree level (destructive
tree sampling).

Afterwards, 20 aspen trees were selected from each stand (altogether 180 individuals based
on stratified random sampling) to cover all bio-sociological classes (i.e., dominant, co-dominant,
sub-dominant, and suppressed). The root system of each tree was excavated to include all roots with
a diameter of at least 1 mm. In addition, 5 leaves were sampled from the lower, middle, and upper
thirds of the tree crowns, i.e., 15 leaves were sampled from each tree. Leaf subsamples were packed in
paper envelopes identified with plot and tree codes, and the position of the leaves in the crown.

Excavated trees were cross-cut at a stem base to separate the belowground (root system) and
aboveground parts. Subsequently, branches with foliage were cut off from the main stem. Stem length
(tree height) and diameter d0 were measured. Each tree component, i.e., root system, stems, and
branches with foliage, were packed in paper bags identified with plot and tree codes. All samples
were transported to the laboratory. Subsamples of leaves were scanned and their one-side leaf surface
area (LA hereinafter) was calculated using the Easy Leaf Area software [33]. Each leaf was oven-dried
(under 95 ◦C for 24 h) and weighed with a precision of 0.001 g. Individual leaf mass and area were
used for the calculation of SLA at a specific crown part (upper, middle, and lower).

Leaves were manually trimmed back from the branches. Consequently, roots, stems, branches,
and foliage were stored in a warm (about 28 ◦C), dry, and well-ventilated room. After several weeks,
individual tree components were placed in the oven and dried under a temperature of 95 ◦C for a
determined period; specifically, foliage for 48 h and woody parts (i.e., roots, stems, and branches) for
72 h to obtain dry matter. After drying, all components were weighed with a precision of 0.1 g.
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2.3. Calculations and Modelling

From the data we derived models that quantified the biomass in the foliage and woody parts of
aspen trees, as well as other variables representing leaf growth (LA, SLA, LAI, LAR, LMR). Models
were derived for several levels:

- The level of individual leaves (leaf mass wf, LA and SLA)
- The tree level (foliage mass wf, mass of woody parts wwp, LA, LAR, LMR)
- The stand level (foliage mass wf, mass of woody parts wwp, LAI).

An allometric function with two regression coefficients (b1 and b2),

Y = b1d0
b2 , (1)

was used to describe the relationship of the particular dependent variable (represented by Y) to the d0

stem base diameter. In the models for the leaf and tree levels, the tree stem base diameter d0 was used,
while in the stand level models a mean stand diameter at the stem base d0g was used. The frequently
used diameter at breast height was not applicable in our analyses, because some of the selected trees
did not reach a height of 1.3 m. Almost all constructed equations were derived in a basic power form.
The equations of foliage and wood biomass were derived as linearised logarithmic allometric equations
that were subsequently transformed back to the exponential form. This approach was applied to ensure
a methodological link to previous works that quantified the biomass of components in young trees [34].
The shape of the allometric function after the logarithmic transformation and its back transformation is

Y = e(b1+b2· ln d0)·λ (2)

where λ is a correction factor.
A logarithmic version of the equation is frequently used to exclude heteroscedasticity of residues,

which is always present in the calculation of biomass components. Using a logarithmic equation
enables the estimation of parameters with linear regressions, which fulfils the assumption of constant
variance of residues. Although in the last years non-linear regression methods have been developing,
the opinions on these two methodological approaches differ between papers, e.g., [35–37].

Models at a level of individual leaves were derived for leaves at different crown parts (upper,
middle, and lower) using measured data of d0 (mm), wf (g), and LA. SLA was calculated using the
following formula

SLA =
LA
w f

(3)

Since only d0 diameter and wf and wwp mass were measured for a tree, leaf area LA of the whole
tree had to be calculated otherwise. In our work we derived a new model from the measured foliage
mass of a particular tree and a tree LA calculated as an arithmetical average from the LA values of nine
leaves taken from three crown parts of the particular tree using the equation

LA = w f

n∑
i=1

(
LAi
w fi

)
n

(4)

where:

LA—leaf area of a tree (cm2);
LAi—leaf area of ith sampled leaf (cm2);
wf—mass of all tree leaves (g);
w fi—mass of ith sampled leaf (g);

n—number of leaves sampled from one tree (i.e., 15).
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For the models at a stand level, mean stand diameter d0g (mm) was calculated as a quadratic mean
of all tree diameters using the formula

d0g =

√√√√ n∑
i=1

d2
i

n
(5)

Leaf area index LAI was calculated as the LAI under the assumed full canopy coverage (LAI100%)
using the relationship

LAI100% =

100
n∑

i=1
LAi

Sc
(6)

where:

LAi—leaf area of ith tree at a plot (m2 m−2);
S—plot area in m2;
C—crown canopy coverage at a plot in %;
n—number of trees at a plot.

Similarly, variables in other models (volume of woody parts, and foliage volume) were also
converted to 100% crown canopy.

Finally, a generalised linear mixed model (GLMM) was created to evaluate the combined influence
of d0 and position of the leaves in the crown on leaf traits. The model has the following form:

y = α+ β× ln(d0) + γ1 ×M + γ2 ×U (7)

where:

y—a dependent variable, namely leaf mass, leaf area, or specific leaf area;
d0—diameter at stem base;
M—a dummy variable that represents the middle crown part, i.e., if the leaf was taken from the middle
part, the value is 1, otherwise it is 0;
U—a dummy variable that represents the upper crown part;
α, β, γ1 and γ2—the regression coefficients of the model.

All statistical analyses were performed in Statistica 10.0 and R software version 3.5.1 [38].

3. Results

Heights and stem base diameters of the sampled trees varied between 0.4 m and 10.5 m and
from 3.3 mm to 100.9 mm, respectively (Figure 2; Table 3). The relationship between d0 diameter and

tree height was best described by a fractional power relationship, specifically, h =
d2

0
8.221+7.077d0+0.021d2

0
,

which explained almost 90% of the variability. This relationship may help users who prefer using
tree height as an independent variable in biomass models, to convert our models that are based on
d0 diameter.

The values of the measured leaves revealed high variation in all the assessed leaf characteristics,
i.e., leaf mass (from 0.019 to 0.513 g), leaf area (between 3.79 and 50.81 cm2) as well as SLA (71.33
to 374.24 cm2 g−1; Table 4). Leaf mass of individual leaves differed along the vertical crown profile,
with the heaviest leaves in the upper crown part and the lightest ones in the bottom part of the crown
(Figure 3a). At the same time, leaf area increased with tree size as represented by d0 diameter (Figure 3b),
although differences between the crown parts were less evident than in leaf mass. The influence of leaf
position in the crown and tree size on SLA was very evident (Figure 3c). The largest SLA values were
found for small trees and lower crown parts. Moreover, differences in SLA between the crown parts
increased with tree size.
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Figure 2. Relationship between d0 stem base diameter and tree height derived from the sampled
common aspen trees (values of SE were 11.812, 0.693, and 0.009, and the p-values 0.487, < 0.001, and
0.017 for parameters b1, b2, and b3, respectively; MSE = 0.612).

Table 3. Descriptive statistics of the sampled common aspen trees.

Tree Parameter (unit) Mean S.D. Min. Max.
25th

Percentile
75th

Percentile

Diameter d0 (mm) 31.4 20.0 3.3 100.9 15.5 43.1
Height (m) 3.81 2.42 0.40 10.54 1.87 4.96

Roots biomass (g) 262 376 1 2190 23 310
Stem biomass (g) 700 1293 1 8352 30 674

Branches biomass (g) 251 460 0 2770 32,813 284
Foliage biomass (g) 94 131 1 737 33,878 129

Woody parts biomass (g) 1397 2448 12,145 14,995 69 1391
Whole tree biomass (g) 1456 2530 45,809 15,651 83 1538

Table 4. Statistical characteristics of leaf traits of the sampled common aspen trees.

Leaf Trait (unit)
Crown

Part
Mean S.D. Min. Max.

25th
Percentile

75th
Percentile

Upper 0.171 0.079 0.029 0.513 0.114 0.222
Leaf mass (g) Middle 0.129 0.063 0.029 0.347 0.080 0.168

Lower 0.101 0.058 0.019 0.329 0.054 0.130

Upper 21.50 7.29 6.33 44.63 16.32 25.50
Leaf area (cm2) Middle 19.71 7.73 8.20 50.27 14.11 23.84

Lower 17.42 8.10 3.79 50.81 11.98 21.76

Upper 138.88 42.68 71.33 308.17 108.16 159.40
SLA (cm2 g−1) Middle 167.31 47.01 91.50 374.24 131.90 193.70

Lower 190.78 49.85 97.25 355.21 152.06 227.78
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Figure 3. Relationship between d0 stem base diameter and individual leaf mass (upper plate), leaf area
(middle plate), or specific leaf area (lower plate) in the sampled common aspen trees with respect to
foliage position along the tree crown.
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Our mixed models (Table 5) also revealed a significant influence of the crown part from which
the leaves were sampled. The models confirmed that both leaf mass and leaf area increase from the
bottom to the top of the crown, i.e., leaves in the upper crown part have larger values of area and mass
than in the middle part, which has larger and heavier leaves than the lower part. In the case of specific
leaf area, we found an opposite order, i.e., lower >middle > upper, which means that the specific leaf
area of the bottom leaves is greater than the SLA of the middle and upper ones (leaves on the top of
the crown can be considered as those with minimum SLA, given the diameter at the base is equal for
the samples).

Table 5. Results of the generalised linear mixed models derived for leaf traits based on Equation (7).

Leaf Trait (unit) GLMM Component Estimate Standard Error t-Value p-Value Significance

Intercept −0.195 0.0167 −11.695 0.000 ***
Ln(d0) 0.082 0.0045 18.119 0.000 ***

Leaf mass (g) Middle crown part 0.082 0.0050 5.665 0.000 ***
Upper crown part 0.079 0.0050 15.797 0.000 ***

R2 = 0.625, AIC = −2606

Intercept −12.863 1.764 −7.292 0.000 ***
Ln(d0) 8.391 0.478 17.560 0.000 ***

Leaf area (cm2) Middle crown part 2.301 0.526 4.374 0.000 ***
Upper crown part 4.020 0.529 4.374 0.000 ***

R2 = 0.725, AIC = 6468

Intercept 359.55 10.866 33.088 0.000 ***
Ln(d0) −46.77 2.944 −15.889 0.000 ***

SLA (cm2 g−1) Middle crown part −23.48 3.247 −7.233 0.000 ***
Upper crown part −52.51 3.244 −16.183 0.000 ***

R2 = 0.654, AIC = 10089

Note: *** significant at 99.9% significance level.

Allometric biomass models for individual tree components as well as for whole-tree biomass
showed their close dependences on d0 diameter (in all cases p < 0.001; see Table 6). Fitted values
showed that while aspen trees with a diameter of 50 mm had about 2.5 kg of woody biomass and
0.2 kg of foliage biomass, individuals with a diameter of 100 mm had 16.4 kg of biomass in woody
parts and 0.7 kg in foliage (Figure 4). This means that biomass in woody parts increased with tree
size faster (in the d0 interval 50–100 mm as much as 6.6 times) than in foliage (in the diameter interval
50–100 mm only by 3.5 times). If foliage area at a tree level is considered, increase in the d0 interval
from 50 mm to 100 mm was from 2.6 m2 to 8.7 m2 (tripled value; Figure 5). As for LAR and LMR, both
indicators decreased with tree size (Figure 6; Table 7). This fast decrease was typical in very small trees
(with d0 below approximately 20 mm); then the trend became milder.

Table 6. Biomass models of individual tree components in common aspen using stem base diameter as
an independent variable, showing their regression coefficients (b1, b2), standard errors (SE), p-values
(P), coefficients of determination (R2), mean squared errors (MSE), logarithmic transformation bias (λ),
and standard deviation (SD) (see Equation (2)).

Biomass of Tree b1 S.E. P b2 S.E. P R2 MSE λ S.D.

Components (g)

Roots (A) −3.315 0.130 <0.001 2.410 0.039 <0.001 0.954 0.145 1.078 0.474
Stem (B) −3.612 0.107 <0.001 2.795 0.033 <0.001 0.976 0.098 1.048 0.323

Branches (C) −5.683 0.196 <0.001 3.010 0.060 <0.001 0.935 0.306 1.116 0.710
Leaves (D) −2.907 0.225 <0.001 2.020 0.069 <0.001 0.829 0.429 1.191 0.634

Woody parts (A+B+C) −2.760 0.093 <0.001 2.699 0.028 <0.001 0.982 0.071 1.036 0.293
Whole tree (A+B+C+D) −2.379 0.092 <0.001 2.618 0.028 <0.001 0.981 0.070 1.036 0.293
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Figure 4. Biomass of woody parts (left plate) and foliage (right plate) in the sampled common aspen
trees plotted against the d0 stem base diameter (see also Table 6).
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Figure 5. Total tree foliage area of the sampled common aspen trees against the d0 stem base diameter
(see also Table 7).

Table 7. Models for calculating tree foliage area, leaf area ratio (LAR), and leaf mass ratio (LMR)
in common aspen using stem base diameter as an independent variable, showing their regression
coefficients (b1, b2), standard errors (S.E.), p-values (P), coefficients of determination (R2), and mean
squared errors (MSE) (see Equation (1)).

Tree Characteristics (unit) b1 S.E. P b2 S.E. P R2 MSE

Tree foliage area (cm2) 0.0031 0.0012 0.010 1.723 0.093 <0.001 0.734 0.834
LAR (cm2 kg−1) 308.4 37.2 <0.001 −0.869 0.051 <0.001 0.634 165.93
LMR (kg kg−1) 0.657 0.083 <0.001 −0.585 0.048 <0.001 0.458 1.297
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Figure 6. Leaf area ratio (left plate) and leaf mass ratio (right plate) plotted against the d0 stem base
diameter of the sampled common aspen trees (see also Table 3).

Finally, quantities of woody parts and foliage were estimated at the stand level. The fitted curves
(Figure 7 and Table 8) showed that the increase in stand biomass in woody parts with an increasing
d0 was greater than the increase in foliage biomass. For instance, while an aspen stand with a mean
diameter d0 of 50 mm had about 8 kg of biomass in woody parts per m2, a stand with a d0 of 100 mm
contained about 32 kg of woody biomass per m2. This represents a fourfold increase. On the other
hand, the difference between the aspen stands with mean diameters d0 of 50 mm and 100 mm was
only doubled (0.5 kg m−2 versus 1.2 kg m−2). Values of LAI increased with d0 first fast, and then more
slowly (Figure 8, Table 8). For instance, while a stand with d0 equal to 50 mm had an LAI of 7.3 m2 m−2,
the LAI of a stand with a d0 of 100 mm was 10.9 m2 m−2. The greatest value of LAI equal to 13.5 was
found in the aspen forest with a mean stand diameter d0 of 120 mm.
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Figure 7. Stand biomass of woody parts (left plate) and foliage (right plate) in common aspen fully-stocked
stands plotted against the d0 mean stand diameter at the stem base (see also Table 8).
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Figure 8. Leaf area index of fully-stocked common aspen stands plotted against the d0 mean stand
diameter at the stem base (see also Table 8).

Table 8. Models for calculating the biomass of woody parts, foliage, and leaf area index in common
aspen stands using stem base diameter as an independent variable, showing their regression coefficients
(b1, b2), standard errors (S.E.), p-values (P), coefficients of determination (R2), and mean squared errors
(MSE) (see Equation (1)).

Stand Characteristics (unit) b1 S.E. P b2 S.E. P R2 MSE

Woody parts stock (kg m−2) 0.0039 0.0036 0.291 1.959 0.201 <0.001 0.882 18.497
Foliage stock (kg m−2) 0.005 0.003 0.082 1.184 0.125 <0.001 0.810 0.029

Leaf area index (m2 m−2) 0.929 0.305 0.005 0.522 0.082 <0.001 0.616 3.160

4. Discussion

4.1. Foliage- and Tree-Level Traits

Foliage traits are important characteristics that specify the rate of absorbing photosynthetically
active radiation used in photosynthesis (leaf surface area), the metabolic costs of leaf construction (leaf
mass), and the efficiency with which the leaf captures light relative to the biomass invested in the plant
biomass (leaf mass ratio) or leaf (specific leaf area). Their values obtained from field measurements
are required not only for the assessment of the trade-off between ecosystem mass and energy balance,
but also for accurate parametrisation and predictions of forest growth by process-based models [39].
Increasing mass and area of single leaves with tree size was typical for young common aspen trees,
while the opposite situation was found for SLA. Besides tree size, the position of the leaves along the
vertical crown profile appeared to be important for foliage properties, more clearly for leaf mass and
SLA than leaf area.

Our study indicated that while smaller trees had larger (as for area) leaves in the upper crown
part and smallest in the lower crown part, the situation in bigger trees was reversed. Larger leaves in
the upper crown part were also found for European beech trees with a d0 diameter below 60 mm [40].
Similarly, [41] showed that shade leaves in young beech stands had prevailingly lower leaf areas than
sunlit leaves. A reverse situation was recorded in old beech stands [42,43]. The increase of SLA from
the top to the bottom of the crown was demonstrated also in other works [40,42,44,45]. It seems that
SLA is a better indicator of foliage plasticity to environmental factors, especially light conditions [42,46],
than the area of an individual leaf.
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Our results showed that the SLA of common aspen leaves fluctuated between approx. 100 and
300 cm2 g−1. Other published values of SLA for common aspen varied from 39 to 182 cm2 g−1 [4], i.e.,
they were lower than most of our values (Figure 3c) although they represented stands of similar ages
(from 5 to 24 years). The results from European beech stands showed SLA values similar to our results,
ranging from 80 to 480 cm2 g−1 [41,42,44,47,48].

The values of LMR for small aspen trees were high and sharply decreased with tree size. The LMR
of aspen trees with a d0 diameter of about 20 mm was below 0.1, while the LMR of trees with a d0 of
80 mm reached a value of only about 0.05. Our previous study [49] for Fagus sylvatica and Quercus petraea
showed that the LMR of trees with a d0 between 20 and 80 mm decreased from 0.2 to 0.1 and from 0.15
to 0.10, respectively. These values indicate that in the investigated diameter interval, the contribution of
foliage to total biomass of Fagus sylvatica and Quercus petraea was double the foliage contribution in
aspen. This suggests a high growth efficiency of common aspen in tree biomass production [50].

Our height–diameter model for young common aspen trees showed a steep, almost a linear increase
in tree height with increasing d0 (Figure 2). Since we have previously constructed height–diameter
models for other tree species [51], we were able to analyse inter-specific differences. We compared
aspen versus seven other broadleaved tree species, i.e., Fagus sylvatica, Carpinus betulus, Quercus petraea,
Acer pseudoplatanus, Fraxinus excelsior, Salix caprea, and Sorbus aucuparia. The comparison showed that
aspen trees were higher than the trees of other species with the same d0 diameter. For instance, while
aspen with a d0 equal to 80 mm was approximately 9 m tall, the height of Acer pseudoplatanus was
only 8 m, Carpinus betulus was 7 m, and all other species were less than 7 m tall. This indicates that in
comparison with other species young aspen trees invest more carbohydrates into height increment
than into radial stem increment. From the point of inter-specific competition for light, that might be
its advantage in young mixed stands. In this context, for instance, [31] pointed out the very high
competitive ability of aspen, especially on fertile soils with fresh moisture conditions.

The calculated mean woody biomass value of the investigated common aspen trees was lower than
the published values from young hybrid aspen stands (see e.g., [31,52,53]) or other poplar cultivars [54]
of similar ages, while the range of our values was usually greater than in other studies. This was
expected since our trees originated from natural regeneration, while the other studies dealt with trees
from plantations established for biomass production.

4.2. Stand Level Traits

Mean woody stand biomass stock of young common aspen at our plots was 8.20 ± 12.30 kg/m2.
The value does not significantly differ from other published values, e.g., [31] reported an average value
of aboveground woody biomass for his hybrid aspen stands equal to 13.5 ± 5.3 kg/m2. Similar to
tree biomass, the variability in stand biomass between plots was large (Figure 7). A wide range of
aboveground stand biomass values was also reported in other studies, e.g., the aboveground biomass of
hybrid aspen stands in Sweden ranged from 1.43 to 21.9 kg/m2 [31,55], or young common aspen stands
aged below 20 years included in the Eurasian database [56,57] were characterised by aboveground
biomass values ranging from 1.6 to 10.99 kg/m2. Faster biomass accumulation has been documented at
fertile sites with good soil conditions [30].

Stand biomass stock of woody tree parts in young common aspen forests exponentially increased
with increasing stand dimensions (mean stand diameter d0), while foliage biomass stock increased
almost linearly (Figure 7). Hence, the ratio between woody part biomass and foliage biomass in an aspen
forest with a mean stand stem base diameter of 50 mm was approximately 20, the same ratio was almost
30 if the mean stand diameter was 100 mm. These changes with stand development reflect not only the
physiological (increasing growth efficiency) but also production–ecological aspects of forests, especially
their carbon sequestration potential. Woody parts represent long-term carbon cycling components, while
leaves store carbon only for a short time. Approximately 1/20 of total tree biomass annually falls off on
the ground in young aspen forests with a mean stand diameter of 50 mm, while in the stand with a
diameter of 100 mm it is only 1/30 (here we obviously neglected tree mortality as a source of carbon
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transfer from biomass to necromass). Foliage litter was estimated to be about 0.5 kg per m2 and 1.1 kg
per m2 in stands with a d0 mean diameters of 50 mm and 100 mm, respectively. A similar decrease in
foliage contribution to total tree biomass has been recorded in beech [58] or birch stands [1].

The LAI of our aspen stands fluctuated between 2 m2 m−2 and 14 m2 m−2. The maximum estimated
value of nearly 14 m2 m−2 is greater than the values published in most of the other papers covering
a variety of forest tree species (often European beech) [46,47,59–63]. The prevailing part of the other
papers presented LAI values up to 10 m2 m−2. In fact, the results of most papers originated from
older growth stages than in our case. The few papers that showed LAI values near 14 m2 m−2 [64–67]
originated from young growth stages. This might suggest that forest stands reach their maximum LAI
in the young stages and after that the values decrease with stand development, which has already
been documented for Norway spruce [65]. Our results bring new findings about biomass allocation
and foliage traits of common aspen at both the tree and stand levels. Since this kind of study has been
missing for common aspen, our results might not be compared or synthesized with other knowledge.
To obtain biomass information about less abundant and/or currently commercially unimportant species,
foresters often use equations adopted from the already published sources, or those developed for other
species. However, such an approach may cause a significant bias in the obtained estimates, since
growing conditions and tree properties vary across the regions and country-specific models also differ
from each other [67]. Comparison of different models for birch showed that non-local models may
overestimate total aboveground biomass of thin trees with a diameter at breast height below 4 cm [68].
Moreover, equations derived 20 years before or more may no longer be valid due to the recent changes
in environmental conditions [69]. Hence, model updates are required even for thoroughly studied
commercial species.

5. Conclusions

This study brings novel findings for a very productive tree species with modest ecological
demands, but competitive to other plant species (both weeds and trees). Therefore, it might be planted
on sites which are not attractive and/or suitable for traditionally important commercial tree species
(e.g., European beech and Norway spruce). Moreover, the species could be very useful especially
for energy production. A rapid increase in bioenergy demands has been predicted for most future
scenarios, considering especially ecological (e.g., global carbon balance) and technological issues [70].
Biomass of short-living tree species may significantly contribute to bioenergy production and carbon
sequestration [71]. Therefore, we believe that our results might be significant for both theoretical
(e.g., biomass production and partitioning modelling) and practical (forestry and agro-forestry
stakeholders) purposes.
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Abstract: Understanding the spatial variation of forest productivity and its driving factors on a large
regional scale can help reveal the response mechanism of tree growth to climate change, and is an
important prerequisite for efficient forest management and studying regional and global carbon cycles.
Pinus massoniana Lamb. is a major planted tree species in southern China, playing an important role
in the development of forestry due to its high economic and ecological benefits. Here, we establish a
biomass database for P. massoniana, including stems, branches, leaves, roots, aboveground organs
and total tree, by collecting the published literature, to increase our understanding of net primary
productivity (NPP) geographical trends for each tree component and their influencing factors across
the entire geographical distribution of the species in southern China. P. massoniana NPP ranges
from 1.04 to 13.13 Mg·ha−1·year−1, with a mean value of 5.65 Mg·ha−1·year−1. The NPP of both
tree components (i.e., stem, branch, leaf, root, aboveground organs, and total tree) show no clear
relationships with longitude and elevation, but an inverse relationship with latitude (p < 0.01). Linear
mixed-effects models (LMMs) are employed to analyze the effect of environmental factors and stand
characteristics on P. massoniana NPP. LMM results reveal that the NPP of different tree components
have different sensitivities to environmental and stand variables. Appropriate temperature and soil
nutrients (particularly soil available phosphorus) are beneficial to biomass accumulation of this species.
It is worth noting that the high temperature in July and August (HTWM) is a significant climate
stressor across the species geographical distribution and is not restricted to marginal populations in
the low latitude area. Temperature was a key environmental factor behind the inverse latitudinal
trends of P. massoniana NPP, because it showed a higher sensitivity than other factors. In the context of
climate warming and nitrogen (N) deposition, the inhibition effect caused by high temperatures and
the lack or imbalance of soil nutrients, particularly soil phosphorus, should be paid more attention in
the future. These findings advance our understanding about the factors influencing the productivity
of each P. massoniana tree component across the full geographical distribution of the species, and are
therefore valuable for forecasting climate-induced variation in forest productivity.

Keywords: net primary productivity; Pinus massoniana; geographical gradient; environmental factors;
stand characteristics; regional scale

1. Introduction

Forest ecosystems are a major component of the terrestrial ecosystem worldwide and play an
irreplaceable role in regulating global carbon balances and mitigating atmospheric concentrations of
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greenhouse gases, as well as in biodiversity and water conservation [1,2]. Forest biomass is the total
amount of organic matter formed by CO2 sequestration in the process of photosynthesis per unit area,
and its accumulation rate is usually used as an indicator of forest productivity [3]. Therefore, forest
biomass and productivity are important for measuring carbon sequestration ability and assessing
carbon balance of forest ecosystems, and play an important role in global carbon cycle research [4].
Since the industrial revolution in the mid-20th century, the rapid development of human activities
and modern industry, especially the burning of fossil fuels, massive deforestation, and grassland
reclamation, have had a tremendous impact on the global ecosystem [5]. Therefore, studies on
the environmental response of forest productivity in the context of global climate change, such as
atmospheric nitrogen (N) deposition, elevated CO2 concentration, and climate warming, have received
increasing attention because of their great practical significance for reducing carbon emissions and
mitigating global warming [6,7].

The production, allocation, and turnover of forest carbon on a large regional scale has received
considerable attention in the past and is becoming increasingly important [8]. The accurate assessment
of forest productivity on a large regional scale and the understanding of its influencing factors can
provide a theoretical basis for enhancing forest productivity and studying the terrestrial carbon
cycle [9]. Because of the complex terrain and large environmental differences in China, the geographical
distribution of forest biomass and productivity is diverse [10–12]. As an important component
of forest resources in China, plantations play an increasingly prominent role in maintaining the
global carbon balance and mitigating global warming [13]. As artificially regulated ecosystems,
the carbon sequestration function of plantation ecosystems is directly or indirectly affected by tree
species, afforestation strategies, and tending operations [14]. Most large-scale studies on biomass and
productivity have been conducted for a variety of forest types in China, rather than for a particular tree
species, although many of these forests are single-species plantations [15]. Research on the response
of forest productivity to environmental factors at the tree species level can reveal species-specific
ecophysiological characteristics. On this basis, more targeted forest management strategies (e.g., site
selection for afforestation and selection of tree species for close-to-nature transformation of monospecific
plantations) could be proposed for different tree species in different regions, especially for major
planted tree species, to improve forest productivity and carbon storage [15,16].

In the past 20 years, China has implemented a series of ecological projects, such as the
Grain-to-Green Program, to improve the situation of low forest coverage and poor forest resources,
and has now become the country with the largest area of plantations [17]. Pinus massoniana Lamb.
is widely distributed in subtropical areas of China. It is an important afforestation tree species in
barren mountains owing to its strong adaptability, fast growth, high yield, and drought tolerance,
and is also one of the most representative forest types in China [18]. As one of the major planted
and native tree species in southern China, P. massoniana has made a great contribution to plantation
development [13,15]. The eighth forest resources inventory of China published by the State Forestry
Administration in 2014 showed that the total area and volume of P. massoniana were 1.0 × 107 ha and
5.9 × 108 m3, respectively, accounting for 6.1% and 4.0% of the total area and volume of arbor forests in
China. However, P. massoniana plantations are faced with the problems of their irrational structure, poor
stability and degraded productivity. Therefore, seeking scientific ways of regulating its productivity to
improve its ecological and economic benefits is a major concern. Studies on biomass and productivity of
P. massoniana began in the early 1980s [19], and mainly focused on biomass estimation and its allocation
patterns in different site conditions, stand ages and densities [20], allometric equations research [21] and
the effect of species mixtures on biomass [22]. In general, the research objectives of the above-mentioned
studies mainly focused on quantitative assessment of biomass, and few studies involved biomass
accumulation rate, which is usually quantified by forest productivity [23]. Therefore, knowledge about
productivity responses to environmental factors is underdeveloped. Moreover, although tree-ring
chronologies have been widely used to explore the relationship between climate and P. massoniana
tree growth [24], these experiments have been carried out in individual study sites on a local scale,
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and the variation in productivity and its environmental control on a regional scale is still unclear. In
addition, biotic factors, such as tree age and density, also influence forest productivity [25]. The variable
environmental factors (e.g., temperature, precipitation, and soil properties) and forest characteristics
(e.g., stand age and density) within the P. massoniana distribution area offers an opportunity to examine
its productivity distribution patterns and its influencing factors on a large regional scale.

Numerous quantitative evaluations in the form of meta-analyses have been carried out to explore
forest productivity and its influencing factors [26,27]. A lot of field measurements of P. massoniana
biomass and productivity estimations have been conducted at multiple sites over the past four decades.
However, these data were mostly published in Chinese journals and reports and are not accessible
to non-Chinese scientists [27]. A P. massoniana biomass database could promote the completion of
the established biomass database for China’s forests and contribute to generating a huge database
worldwide that will aid in the validation of ecosystem models, improving our understanding of the
global carbon cycle and accurately evaluating carbon storage [26].

In this study, we established a biomass database for P. massoniana, including stems, branches,
leaves, roots, aboveground organs, and total tree values by collecting data from the published literature,
to increase our understanding of the geographical trends of P. massoniana net primary productivity
(NPP) and its influencing factors across the full geographical distribution of the species in southern
China. Our objectives were: (1) to document the spatial distribution of P. massoniana NPP on a large
regional scale, (2) to quantify the effects of environmental factors (climate and soil variables) and
stand characteristics on NPP of each tree component (i.e., stem, branch, leaf, root, aboveground organs
and total tree), and (3) to identify the key environmental factors causing spatial heterogeneity in
P. massoniana NPP.

2. Materials and Methods

2.1. Data Collection and Treatments

Our P. massoniana biomass database was generated by collecting published data (Figure 1, Table S1).
To compile a comprehensive database, we searched the Web of Science for English literature and
China National Knowledge Internet for Chinese literature. To minimize the variability associated
with comparing biomass/productivity estimates derived from different methodologies, we selected all
references included in the database that (1) included data actually measured in field experiments on
P. massoniana stands (not forest inventory data or remote sensing based studies), (2) did not contain
severe anthropogenic disturbances, such as close-to-nature transformation, irrigation, and harvest and
(3) only included measurements of monospecific stands of P. massoniana; data on mixed stands was
excluded. P. massoniana growth is affected by competition with other tree species in mixed stands [22].
The different types of species interactions formed depending on tree species composition, stand
age, afforestation density and site conditions bring uncertainties to the evaluation of functions and
services of forest ecosystems, including productivity [28]. Moreover, we only selected studies that
were (4) derived from stable growing communities (data from stands younger than three years old was
excluded), and (5) contained at least one of the following biomass data at the stand level: stem, branch,
leaf, root, sum of aboveground organs or total tree. Studies on allometric scaling among biomass
components of P. massoniana have focused primarily on the individual tree level [21]. However, forest
NPP can only be estimated at the stand level [29]. All biomass data were converted to common units
(Mg·ha−1) prior to analysis. We retrieved missing latitude or longitude information for 16 sites without
such data from Google Earth according to the site name [27]. Elevation information not provided in
the literature was obtained based on the longitude, latitude of the sampling sites and a 1 km resolution
Digital Elevation Model obtained from Cold and Arid Regions Sciences Data Center at Lanzhou
(http://westdc.westgis.ac.cn/). A total of 87 references were acquired after screening (Figure 1, Table S1).
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Figure 1. Geographical distribution of field study sites included in our database. Some plots are not
visible as they are very close to each other and overlap. Geographical distribution range (shaded area)
of P. massoniana adapted from Zhou (2001) [18].

Most of the literature only include biomass data and NPP data was rarely provided. Therefore,
a uniform formula was used to estimate productivity based on biomass and stand age to enhance
data comparability between different studies. NPP is the rate of production of biomass and organic
compounds by the plant or ecosystem and consists of three components [23]:

NPP = ΔY + ΔL + ΔG, (1)

where ΔY is the growth increment in a specified time interval (usually 1 year) estimated from temporal
changes in forest biomass, ΔL is the loss part, consists of the death and litterfall production, and ΔG is
the rate of grazing by herbivores. The full suite of components of NPP is rarely measured in forest
ecosystems, owing to the difficulty of measuring ΔL and ΔG. Considering the large amount of missing
data for these two components in the literature, the NPP of total tree (NPPtree) includes aboveground
and belowground NPP and is the sum of four compartments in this study:

NPPtree = NPPstem + NPPbra + NPPleaf + NPProot, (2)

where NPPstem, NPPbra, NPPleaf and NPProot are the annual net increments of stems (including bark),
branches, leaves, and roots, respectively. Moreover, NPP of aboveground organs (NPPag) is the sum of
NPPs from stems, branches, and leaves:

NPPag = NPPstem + NPPbra + NPPleaf, (3)
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To simplify our analysis, in this study we did not consider carbon allocations to fruits, flowers
and exudates.

2.2. Influencing Factors

2.2.1. Soil Data and Stand Characteristics

We collected soil data including alkali-hydrolysable nitrogen (AN, mg/kg), available phosphorus
(AP, mg/kg), available potassium (AK, mg/kg), bulk density (BD, g/cm3), soil organic matter (SOM,
g/kg) and pH from the China Dataset of Soil Properties for Land Surface Modeling provided by Cold
and Arid Regions Sciences Data Center at Lanzhou (http://westdc.westgis.ac.cn/). The data were
obtained from the second national soil survey with a resolution of 1 km.

Stand characteristics used in this study involve stand density and age extracted from the literature.

2.2.2. Climatic Variables

Climatic factors used in this study included mean annual temperature (MAT, ◦C), mean annual
precipitation (MAP, mm), mean high temperatures in warm months (HTWM, ◦C), and mean low
temperatures in cold months (LTCM, ◦C). HTWM and LTCM were used to explore the effects of
high and low temperatures on P. massoniana NPP, because the accumulation of forest biomass in
different study sites is influenced by environmental factors over a relatively long period of time
rather than a temporary time [30,31]. For the study area, July and August were warm months,
and December was the cold month, as determined by frequency statistics of the months when the
annual maximum and minimum temperatures occurred from 1981 to 2010 (Figure 2). Several study
sites were located far from meteorological stations, and have different biomass accumulation stages.
Therefore, spatially-interpolated climate data within the same observational period (1981–2015) was
used. MAT and MAP data (1981–2015) were extracted from a China climate dataset (1 km resolution)
provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences
(http://www.resdc.cn). Monthly HTWM and LTCM from 1981 to 2015 were obtained from China
National Meteorological Information Center (http://data.cma.cn/) and interpolated into 1 km grid cells
employing the kriging method. Spatial data was interpolated with ArcGIS 10.2 software.

Figure 2. Frequency distributions of (a) annual maximum temperature and (b) annual minimum
temperature occurrence time of 819 meteorological stations from 1981 to 2010 in southern China, where
P. massoniana dominate. Data were obtained from meteorological stations in 11 provinces (Guizhou,
Chongqing, Guangxi, Hunan, Fujian, Guangdong, Jiangxi, Hubei, Sichuan, Zhejiang and Anhui)
provided by China National Meteorological Information Center (http://data.cma.cn/). The percentage
of observations are presented in parentheses.

2.3. Statistical Analysis

We performed a descriptive statistical analysis to determine the distribution and variability of
the NPP for P. massoniana forests, and fitted the distribution and variability curves with Gaussian
functions. To stabilize heteroscedasticity and improve model R-square values in linear regression,
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all variables were transformed using the natural logarithm (i.e., ln(xi)) prior to analysis. Pearson
correlation analyses were used to evaluate the relationship between the NPP of each P. massoniana
component and site conditions (longitude, latitude, and elevation). The same approach was used to
estimate the relationship between environmental factors and site conditions. All statistical analyses
above were performed with SPSS (version 20, IBM Corp., Armonk, NY, USA).

The linear mixed-effects models (LMMs) were employed to analyze the effect of environmental
factors and stand characteristics on P. massoniana NPP. To find the best models for our data we
first built a full mixed-effects model containing all of the potential explanatory variables. Based
on previous studies [25–27], soil variables (i.e., AN, AP, AK, BD, SOM, and pH), climate variables
(i.e., MAT, MAP, HTWM, and LTCM), and stand characteristics (stand age and density), which were
not highly correlated were checked by a correlation matrix and selected as potential explanatory
variables. The twelve potential explanatory variables were set as fixed-effect terms and study sites
were set as random-effect terms, to account for site-specific effects, such as forest management and
microsite. Based on the full model, in each analysis, we constructed a set of candidate models that
included different combinations of potential explanatory variables, in which we also included the
null model with all fixed effects deleted [32]. Models were compared using the Akaike Information
Criterion corrected for small samples (AICc). The best-performing model with the lowest AICc was
selected as the final model. LMMs were performed using the package “lmerTest” [33] in R software
(version 3.6.1) [34]. The model performance was evaluated by the “MuMIn” package [35], in which
AICc, marginal R-square (variance explained by fixed factors) and conditional R-square (variance
explained by both fixed and random factors) were calculated [36]. In addition, a regression analysis
was performed to analyse the relationships between key environmental factors and NPP based on the
results of LMMs.

3. Results

3.1. Variability of P. mansoniana Distribution and NPP

P. massoniana components exhibited large NPP variation across sampling sites (Figure 1,
Table 1), ranging from 0.29 to 8.71, 0.10 to 2.11, 0.02 to 2.31, 0.07 to 2.11, 0.88 to 10.81, and 1.04 to
13.13 Mg·ha−1·year−1 for stems, branches, leaves, roots, aboveground organs and total tree, respectively,
with mean values of 3.51, 0.69, 0.34, 0.81, 4.53, 5.65 Mg·ha−1·year−1, respectively (Figure 3).

Table 1. Net primary productivity (NPP) of P. massoniana stem, branch, leaf, root, aboveground organs,
and total tree. Number of observations (N), mean value (Mean), maximum value (Max), minimum
value (Min) and standard error (SE) were reported.

Component N
NPP (Mg·ha−1·year−1)

Mean Max Min SE

Stem 172 3.51 8.71 0.29 0.13
Branch 168 0.69 2.11 0.10 0.03

Leaf 168 0.34 2.31 0.02 0.02
Root 148 0.81 2.11 0.07 0.03

Aboveground 185 4.53 10.81 0.88 0.15
Total tree 161 5.65 13.13 1.04 0.20

In this study, P. massoniana geographical distribution covered 11 provinces in southern China and
the full geographical distribution of the species was well represented in our database (Figures 1 and 4a).
P. massoniana study sites ranged from 25 to 1357 m of elevation, and most sample sites were set in the
regions below 1000 m (Figure 4b). NPPstem, NPPbra, NPPleaf, NPProot, NPPag, and NPPtree showed no
clear relationships with longitude and elevation, but significant latitudinal trends (p < 0.01, Table 2).
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Figure 3. Frequency distributions of (a) stem, (b) branch, (c) leaf, (d) root, (e) aboveground organs and
(f) total tree net primary productivity (NPP) of P. massoniana forests in south China. The mean and
standard deviation values are presented. The curves were fitted by a Gaussian function.

Figure 4. Net primary productivity (NPP) spatial distribution of P. massoniana forests in relation to
longitude, latitude (a), and elevation (b).

Table 2. Pearson correlations between site conditions and P. massoniana stem, branch, leaf, root,
aboveground, and total tree net primary productivity (NPP) on a logarithmic (ln) scale.

Site Conditions NPPstem NPPbra NPPleaf NPProot NPPag NPPtree

Longitude (◦E) −0.112 −0.054 −0.007 −0.110 −0.100 −0.119
Latitude (◦N) −0.285 ** −0.369 ** −0.208 ** −0.251 ** −0.338 ** −0.344 **
Elevation (m) −0.087 −0.019 0.102 −0.069 −0.061 −0.094

Note: (1) stem net primary productivity (NPPstem); branch net primary productivity (NPPbra); leaf net primary
productivity (NPPleaf); root net primary productivity (NPProot); aboveground net primary productivity (NPPag); net
primary productivity of total tree (NPPtree); (2) ** represent p < 0.01.

3.2. Factors Influencing NPP of Different P. massoniana Components

P. massoniana NPPstem, NPPbra, NPPleaf, NPProot, NPPag, and NPPtree exhibited different
sensitivities to environmental factors and stand characteristics (Table 3). NPPstem was significantly
positively correlated with MAT, age, density, AP, SOM and BD, but significantly negatively correlated
with HTWM. NPPbra was significantly positively correlated with MAP and density. NPPleaf was
significantly positively correlated with MAP, but significantly negatively correlated with age. NPProot

was significantly positively correlated with BD, age, and density. NPPag significantly increased with
MAT, age, and density. NPPtree significantly increased with BD, stand age, and density, but significantly
decreased with HTWM.
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Table 3. Summary of the final model to test the effects of environmental factors and stand characteristics
on P. massoniana stem, branch, leaf, root, aboveground, and total tree net primary productivity (NPP).
Only the best-performing model, with the lowest the Akaike Information Criterion corrected for small
samples (AICc), is shown (see Table S2 for the results of model performance).

NPP Component Parameter
Variable

Intercept MAT HTWM AGE DENSITY BD MAP AN AP SOM

Stem

Estimate 8.797 1.575 −5.099 0.562 0.216 1.170 — — 0.424 0.370
SE 5.746 0.466 1.745 0.086 0.067 0.585 — — 0.128 0.171

t-value 1.531 3.378 −2.922 6.520 3.233 1.999 — — 3.311 2.160
p-value 0.131 <0.01 <0.01 <0.001 <0.01 <0.05 — — <0.01 <0.05

Branch

Estimate 2.524 — −3.997 — 0.148 0.913 1.294 — — —
SE 7.119 — 2.472 — 0.059 0.654 0.455 — — —

t-value 0.355 — −1.617 — 2.533 1.397 2.844 — — —
p-value 0.724 — 0.111 — <0.05 0.168 <0.01 — — —

Leaf

Estimate 6.673 — −4.488 −0.588 0.144 0.661 1.098 — — —
SE 7.924 — 2.777 0.097 0.073 0.725 0.515 — — —

t-value 0.842 — −1.616 −6.045 1.964 0.912 2.133 — — —
p-value 0.403 — 0.111 <0.001 0.052 0.366 <0.05 — — —

Root

Estimate −1.479 1.173 −2.815 0.429 0.257 1.885 — 0.833 — —
SE 5.436 0.656 1.589 0.091 0.070 0.898 — 0.439 — —

t-value −0.272 1.787 −1.772 4.699 3.680 2.098 — 1.894 — —
p-value 0.786 0.079 0.081 <0.001 <0.001 <0.05 — 0.063 — —

Aboveground

Estimate 1.494 1.142 −1.666 0.333 0.182 — — — — —
SE 3.510 0.412 0.998 0.077 0.064 — — — — —

t-value 0.426 2.771 −1.669 4.333 2.852 — — — — —
p-value 0.671 <0.01 0.099 <0.001 <0.01 — — — — —

Total tree

Estimate 1.920 0.989 −4.158 0.409 0.258 1.356 0.681 0.598 — —
SE 4.635 0.520 1.910 0.080 0.066 0.647 0.529 0.341 — —

t-value 0.414 1.900 −2.177 5.092 3.911 2.096 1.287 1.757 — —
p-value 0.680 0.062 <0.05 <0.001 <0.001 <0.05 0.202 0.083 — —

Note: mean annual temperature (MAT); mean high temperatures in warm months (HTWM); stand age (AGE);
stand density (DENSITY); bulk density (BD); mean annual precipitation (MAP); alkali-hydrolysable nitrogen (AN);
available phosphorus (AP); soil organic matter (SOM).

3.3. Relationship between Site Conditions and Environmental Factors

P. massoniana NPPs showed significant trends in latitude, rather than in longitude and elevation
(Table 2), therefore the trend of environmental variables in latitude was described minutely here, which
was necessary to further explore the cause of formation of the spatial heterogeneity of P. massoniana NPP.
MAT, LTCM, and MAP were significantly negatively correlated with latitude (p < 0.01), with correlation
coefficients of −0.291, −0.413, and −0.256 on a logarithmic scale, respectively (Table 4). HTWM showed
no clear relationship with latitude (Table 4). For soil properties, SOM was significantly negatively
correlated with latitude (p < 0.01), with a correlation coefficient of−0.216 on a logarithmic scale (Table 5).
AP and PH were significantly positively correlated with latitude (p < 0.01), with correlation coefficients
of 0.223 and 0.216 on a logarithmic scale, respectively (Table 5). AN, AK, and BD showed no clear
relationship with latitude (Table 5).

Table 4. Pearson correlations between site conditions and climate factors on a logarithmic (ln) scale.

Variables MAT LTCM HTWM MAP

Longitude (◦E) −0.073 −0.173 * 0.352 ** 0.242 **
Latitude (◦N) −0.291 ** −0.413 ** −0.061 −0.256 **
Elevation (m) −0.334 ** 0.319 ** −0.391 ** −0.048

Note: (1) mean annual temperature (MAT); mean low temperatures in cold months (LTCM); mean high temperatures
in warm months (HTWM); mean annual precipitation (MAP). (2) * and ** represent p < 0.05 and p < 0.01, respectively.

Table 5. Pearson correlations between site conditions and soil factors on a logarithmic (ln) scale.

Variables AP AN AK PH SOM BD

Longitude (◦E) −0.068 −0.175 * −0.291 ** 0.051 −0.341 ** 0.152 *
Latitude (◦N) 0.223 ** −0.093 −0.074 0.216 ** −0.216 ** −0.112
Elevation (m) 0.016 0.417 ** 0.292 ** 0.153 * 0.280 ** −0.213 **

Note: (1) bulk density (BD); alkali-hydrolysable nitrogen (AN); available phosphorus (AP); soil organic matter
(SOM); available potassium (AK). (2) * and ** represent p < 0.05 and p < 0.01, respectively.
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3.4. Relationship between Temperatures and P. massoniana NPP

P. massoniana NPP correlated highly with temperatures. As the MAT increased, NPP of both
P. massoniana components (i.e., NPPstem, NPPbra, NPPleaf, NPProot, NPPag, and NPPtree) increased
signifcantly (p< 0.05, Figure 5a,d,g,j,m,p). In addition, LTCM was also significantly positively correlated
with NPPstem, NPPbra, NPPleaf, NPPag, and NPPtree (p < 0.05, Figure 5b,e,h,n,q).

Figure 5. The relationships between P. massoniana net primary productivity (NPP) and MAT (a,d,g,j,m,p),
LTCM (b,e,h,k,n,q), and HTWM (c,f,i,l,o,r) on a logarithmic (ln) scale. Mean annual temperature (MAT);
mean low temperatures in cold months (LTCM); mean high temperatures in warm months (HTWM).
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4. Discussion

4.1. Factors Influencing NPP of P. massoniana Forests

4.1.1. Climate Effects

P. massoniana NPPstem and NPPag were significantly positively correlated with MAT (Table 3).
This finding is consistent with previous studies [37–39], indicating that the warming effect can promote
biomass accumulation of P. massoniana. Zhang et al. (2011) [30] showed that low air temperature from
January to March was the major factor controlling the interannual variations of net carbon uptake,
and cold springs greatly shortened the growing season length, reducing the carbon uptake period.
Similarly, Zheng et al. (2012) [31] found that even a short-term freezing event during the transitional
periods from dormancy to growth in early spring could result in disastrous damage to pine forests
in temperate China. However, HTWM was significantly negatively correlated with NPPstem and
NPPtree (Table 3), because higher temperatures in summer can increase plant evapotranspiration and
respiration rates, leading to decreased biomass accumulation rates in subtropical forests [40]. Therefore,
temperatures had an important effect on P. massoniana NPP. Large differences of NPP in sensitivity to
temperature and precipitation were identified among various biomes and regions [41,42]. Regression
analysis showed that NPP of both P. massoniana components increased significantly as MAT increased
(Figure 5a,d,g,j,m,p). LMM results showed that MAT was positively correlated with NPPstem and
NPPag (Table 3), which formed relatively high proportions of NPPtree (Table 1). Although NPPbra and
NPPleaf were also positively correlated with MAP (Table 3), NPP of these two components only formed
relatively low proportions of NPPtree (Table 1). In fact, tree growth in our study region is probably not
often limited by precipitation. Moreover, the magnitude of variation in MAP was not large enough to
lead to significant changes in forest productivity in this region, since P. massoniana is distributed in a
large gradient zone of precipitation in south-east Yangtze River basin and the southeast rivers [43].
Liang et al. (2015) [44] found that air temperature was the dominant climatic factor that controlled
the interannual variability in NPP throughout the country except for arid and semi-arid regions in
the middle–north and northwest parts of China. Similarly, Wang et al. (2011) [45] found that forest
NPP appeared to be primarily a function of temperature, not precipitation, in subtropical Louisiana,
USA. Furthermore, Churkina and Running (1998) [46] reported that temperature appeared to be the
primary control on evergreen needle-leaved forest NPP on a global scale. Overall, our findings were in
line with previous studies, indicating that P. massoniana NPP was more sensitive to temperature than
to precipitation.

4.1.2. Soil Effects

P. massoniana NPPstem significantly increased with SOM and AP (Table 3), indicating that, although
this species can be used as a pioneer species for afforestation in infertile soil, soil with sufficient nutrients
can promote biomass accumulation of P. massoniana. AP was significantly positively correlated with
NPPstem, while AN and AK were not significantly correlated with P. massoniana NPP (Table 3). NPP
of P. massoniana forests was more sensitive to soil AP than to soil AN and AK. This result may be
attributed to the fact that southern China is dominated by acidic red soil, where phosphorus is mostly
fixed in insoluble form, and the AP content directly absorbed by plants is extremely low [47]. Therefore,
the response of P. massoniana to phosphorus deficiency has received extensive attention in the context
of N deposition in recent years [48]. In our study, soil BD was significantly positively correlated with
NPPstem, NPProot, and NPPtree (Table 3). However, there were relatively few studies on the relationship
between soil physical properties and tree growth of P. massoniana. Therefore, this result needs to be
further confirmed.
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4.1.3. Stand Characteristics Effects

During this study, P. massoniana NPPstem significantly increased, whereas NPPleaf significantly
decreased with age (Table 3). This finding can be explained by the variation in biomass allocation
patterns with tree growth. Stems, as support tissues, obtain more biomass investment with tree growth,
at the expense of branch and leaf biomass [49]. Wood (dead cells) continuously accumulates in the
stem as trees grow, whereas branch and leaf biomass decrease as the early death of lower branches is
caused by mutual shading [49]. Additionally, following canopy closure, older and taller trees entail
greater expenditures for their construction and maintenance and expend more energy than younger
and shorter trees to supply leaves with the same amount of water [49]. P. massoniana NPPstem, NPProot,
NPPag, and NPPtree significantly increased with age (Table 3), probably because the forest stands in
our database were mostly middle-aged plantations (Table S1), in which age-related decline in forest
productivity has not yet occurred [50,51]. Stand density was significantly positively correlated with
NPPstem, NPPbra, NPProot, NPPag, and NPPtree (Table 3), indicating that density had a marked impact
on productivity estimation. This finding was similar to that of Bormann and Gordon (1984) [52],
who found that aboveground mass and total mass per unit area were the greatest in the dense stands.
In contrast to the trends in per-unit-area values, for average tree values, dry mass of all individual-tree
components and totals were the highest in the open stands, and the lowest in the dense stands [52].
At lower stand densities, less growth per unit area is obtained, but this will be offset by greater growth
per tree [53]. In a 42-year thinning experiment, Horner et al. (2010) [54] found that moderately thinned
stands had the highest aboveground carbon storage rate and the highest aboveground carbon stocks
rather than unthinned treatment (highest density). Therefore, although there was a significant positive
correlation between NPP and density in this study, this relationship varied between stands due to
the trade-off between maximizing individual tree size or stand yield [53]. Therefore, for long-term
managed plantations, the initial density, thinning practice and the competition–density effect should
be considered in productivity predictions [55,56].

4.2. Latitudinal Effects on NPP of P. massoniana Forests

In this study, P. massoniana NPPstem, NPPbra, NPPleaf, NPProot, NPPag, and NPPtree exhibited
inverse latitudinal trends, but no longitudinal and elevation trends (Table 2). Liu et al. (2016) [26]
found that forest NPP show no clear relationship with longitude but negatively correlate with latitude
in southwestern China. Ni (2003) [11] also concluded that forest NPP significantly decreased with
increasing latitude based on forest inventory data in China between 1989 and 1993. In the study of
Zhan et al. (2018) [27] on forests in eastern China, the functional relationship between NPP and latitude
was: y = 0.06x2 − 3.91x + 73.71 (R2 = 0.38, p < 0.001), NPP decreased first and then increased with
the increase in latitude, and monotonically decreased with increasing latitude when the latitude was
below 35.0 ◦N. Thus, the results of our study are consistent with previous studies.

Latitude is not an environmental factor capable of having direct influence on P. massoniana
growth [57,58], but rather an indirect variable that condenses a set of factors that vary from south to
north, including MAT, LTCM, MAP, AP, PH, and SOM in this study (Tables 4 and 5). Climatically, the
north-to-south and west-to-east gradients in China both reflect shifts from cold and dry to warm and
moist conditions, although the thermal gradient is steeper in the former and the moisture gradient more
pronounced in the latter [25,59]. The correlation analysis of latitude and climate indicators showed that
MAT, LTCM, and MAP decrease with increasing latitude (Table 4), which is in line with the generally
accepted idea that the southern part of China is warmer and moister than the northern part. It is
worth noting that HTWM, which was significantly negatively correlated with P. massoniana NPPstem

and NPPtree (Table 3), did not show a significant latitudinal trend (Table 4). This suggested that high
temperatures were a significant climate stressor across the species geographical distribution and were
not restricted to marginal populations at low latitudes. MAT and MAP, which were significantly
positively correlated with NPP (Table 3), showed inverse latitudinal trends (Table 4). Therefore,
both temperature and precipitation contributed to the formation of the inverse latitudinal trends of
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P. massoniana NPP. Temperature was a key contributing factor to these trends, as NPP was highly
sensitive to any change in temperature. AP and SOM, which were significantly positively correlated
with P. massoniana productivity (Table 3), showed different latitudinal trends (Table 5). Latitude was
significantly positively correlated with AP, but significantly negatively correlated with SOM (Table 5).
In fact, low phosphorus availability is a limiting factor on P. massoniana growth not only at low latitudes,
but also in the broad red soil areas in southern China [60]. In summary, the latitudinal trends of
P. massoniana productivity are driven by the significant influences of climate and soil properties.

4.3. Uncertainty Analysis

In this study, some uncertainties in forest productivity assessment have been eliminated in the
process of developing the biomass database. However, there was still a great deal of variability in
influencing factors. Atmospheric N deposition, elevated CO2 concentration, and climate warming
have been confirmed to affect P. massoniana growth [61,62]. Moreover, they can affect other biological
processes and thus indirectly affect forest productivity. For example, N deposition will further aggravate
soil acidification and change soil nutrient conditions (e.g., N:P ratio) [63,64]. Furthermore, in the
process of biomass data acquisition, it was found that the size classes for P. massoniana roots were not
uniform across studies, which made it difficult to establish a complete database containing root sizes,
although roots with diameter < 2 mm were usually defined as fine roots. Pan et al. (2018) [65] suggested
that understory vegetation generated different effects on soil carbon and nitrogen processes in aerially
seeded P. massoniana plantations. Therefore, the missing components in field measurements, including
shrubs, herbs, and litterfall, not only lead to an underestimation of actual NPP, but their significant
contribution to biological processes of tree growth should also be considered in future studies.

5. Conclusions

We established a new regional database of P. massoniana forest biomass. Tree components (stem,
branch, leaf, root, aboveground organs and total tree) exhibited large NPP variation across sampling
sites. Climate, soil, and stand characteristics have a marked impact on the NPP of P. massoniana forests,
and the influence of these variables on the NPP of different tree components varied. Appropriate
temperature and soil nutrients, especially soil AP, are beneficial to P. massoniana growth. NPP of
all tree components of P. massoniana exhibited inverse latitudinal trends, which were driven by the
significant influences of climate and soil properties. Temperature was a key environmental factor
for the formation of these trends. Future studies should place a particular emphasis on the effects of
various components of the forest ecosystem, particularly soil, litterfall, and understory vegetation on
the biological processes of tree growth, and their interactions with climate change.
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Table S1: Primary data of site condition, plot size, stand age, density, component biomass (stem, B1; branch, B2;
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southern China. Table S2: Parameters fitted to the final model, full model, and null model by means of linear
mixed-effects models.
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Abstract: The tree belowground compartment, especially fine roots, plays a relevant role in the forest
ecosystem carbon (C) cycle, contributing largely to soil CO2 efflux (SR) and to net primary production
(NPP). Beyond the well-known role of environmental drivers on fine root production (FRP) and
SR, other determinants such as forest structure are still poorly understood. We investigated spatial
variability of FRP, SR, forest structural traits, and their reciprocal interactions in a mature beech forest
in the Mediterranean mountains. In the year of study, FRP resulted in the main component of NPP and
explained about 70% of spatial variability of SR. Moreover, FRP was strictly driven by leaf area index
(LAI) and soil water content (SWC). These results suggest a framework of close interactions between
structural and functional forest features at the local scale to optimize C source–sink relationships
under climate variability in a Mediterranean mature beech forest.

Keywords: Fagus sylvatica L.; net primary production; fine roots; drought; soil CO2 efflux

1. Introduction

Terrestrial ecosystems, especially forests, have an active role in the global carbon (C) cycle: forests
cover about 4.2 × 103 Mha of the earth’s land surface, accounting for about 45% of terrestrial carbon
and contributing to about 50% of terrestrial net primary production (NPP) [1]. As we are following the
climatic scenario characterized by the highest variations [2], forests play a crucial role to mitigate global
climatic change by removing 2.4 ± 0.4 Pg C y−1 from the atmosphere through growth [3]. This amount
corresponds up to 30% of anthropogenic CO2 emissions from fossil fuel burning and deforestation [4];
hence, it is evident how changes in the productivity of the forest ecosystem affects the C-cycle.

Overall, the forest net effect on the carbon cycle is strictly related to net primary production (NPP),
which is the small difference between the amount of C absorbed through photosynthesis and the C
emitted by plant (autotrophic) respiration [5]. NPP is usually estimated as the new organic matter
produced during a given period (generally one year), in both aboveground and belowground plant
compartments, and it is affected by environmental drivers [6].

Within the belowground compartment, fine root production (FRP) plays a relevant role on NPP
at both ecosystem and global levels accounting for up to 67% and 22% of NPP, respectively [7,8].
Moreover, at the ecosystem level, FRP affects both autotrophic and heterotrophic components of soil
CO2 efflux (SR) [9–11], contributing to 30%–80% of annual total ecosystem respiration [12].

Despite the importance of fine roots in the ecological processes, our understanding on their
dynamics is still limited [13,14]. Studies were mainly focused on the role of environmental drivers
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on FRP [15,16], evidencing the impact of FRP on SR, both within and among ecosystems [11,17,18].
Therefore, a better identification of drivers regulating belowground processes through FRP is essential
for a correct estimation of the ecosystem C budget [19].

The forest structure, here defined as the distribution of trees over an area, is determined by
past management practices and represents one of the major drivers of the forest C cycle [20–22] and
biodiversity [23]. Indeed, the forest structure interacts with tree physiological functionality [13,24] and
climate [19], affecting C allocation and source–sink relationships [25,26].

In this context, the general objective of this study was to explore the intra-site relationships
among forest structures (number of trees, basal area, maximum diameter, and leaf area index), soil
characteristics, and spatial variability of SR and FRP in a mature beech stand in Mediterranean montane
conditions, characterized by an almost total canopy closure. Hence, FRP, SR, soil proprieties, and forest
structural parameters were measured in different randomized plots inside the stand.

Specific aims of the present study were to assess (i) the fraction of annual NPP partitioned to FRP;
(ii) if, and which, intra-stand forest structural parameters and soil characteristics affect FRP; and (iii)
the effect of FRP on the spatial variability of SR.

2. Materials and Methods

2.1. Site Characteristics

The experiment was carried out during 2007–2008 in a European beech (Fagus sylvatica L.) forest
near Collelongo (Abruzzi Region, Central Italy, Figure 1A), where a permanent experimental facility
(Selva Piana stand, 41◦50′58” N, 13◦35′17” E, 1560 m elevation) was established in 1991. The Selva
Piana stand is located within a 3000 ha community forest that is part of a wider forest area, included in
the external belt of the Abruzzi National Park. The environmental and structural conditions of the stand
are representative of central Apennine beech forests. In 2007, the stand density was 825 trees ha−1,
and the basal area was 40.5 m2 ha−1 with a mean diameter at breast height of 25 cm and a mean height
of 21.5 m. Mean tree age in 2007 was estimated to be about 115 years.

 

Figure 1. (A) Location of the Selva Piana experimental site. (B) Spatial distribution of the nine
experimental plots (red circle) within the experimental site (the star identifies the location of the flux
tower). (C) Schematic representation (not to scale) of the 5 m radius experimental plot (solid line),
including the 5 soil CO2 efflux (SR) collars (dashed circle) and the 2 ingrowth cores (black filled circle).
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The forest structure is characterized by a sensible vertical stratification derived from a conversion
of a beech coppice with standards to high stand [24,27] started after the middle of the 20th century.

The soil, developed on calcareous bedrock, has a variable depth (40–100 cm) and is classified as a
humic Alisol [28]. Site topography is gently sloping. The climate is Mediterranean montane, with a
mean annual temperature of 6.97 ◦C, and the mean temperatures of the coldest and warmest months
are −1.04 and 16.3 ◦C, respectively (average of 1996–2014). Mean annual precipitation is 1116 mm,
of which ~10% falls in summer. During the study, in 2007, the summer was extremely dry with only
3 mm precipitation in July and August (Figure 2).

Figure 2. Climatic diagram of the Selva Piana stand. White bars represent the monthly sums of
precipitation in 2007; grey bars represent mean monthly precipitation for 1996–2006; black and dotted
lines represent the mean monthly temperatures in 2007 and for the period 1996–2006, respectively.

2.2. Experimental Design

To assess the role of local forest structure on the studied parameters, nine circular and relatively
small experimental plots (5 m radius) were randomly established, maintaining a minimum distance of
15 m between plots centers (Figure 1B). Inside each plot, we measured forest structural parameters,
soil CO2 efflux, FRP, and soil characteristics (Figure 1C).

2.3. Fine Root Production (FRP)

The ingrowth core method (Ostonen et al. 2005) was used to estimate FRP. In each experimental
plot, two ingrowth cores were installed at the beginning of April 2007. Cores were made of 0.4 cm
mesh net of plastic material, to allow ingrowth of fine to medium roots (1 to 4 mm). The cores were
cylindrical, with a base diameter of 5.5 cm and exploring a depth of 30 cm, as over 90% of fine roots
are located at this soil depth [29–31]. Cores were filled using soil collected in the same stand near
the experimental plots, air dried, and sieved at 0.4 mm to remove all the roots. One of the two
cores was extracted 6 months later at the end of the growing season (October 2007), while the second
core was collected one year after the installation, before the bud break (May 2008), because diffuse,
porous ring species tend to produce a greater proportion of their roots after bud break [14]. After the
extractions, cores were carried to the laboratory for fine roots collection (<2 mm). Hence, FRP for both
annual (FRPY) and growing season (FRPG) scales was estimated. Finally, FRP for the leafless period
(FRPLP, related to winter and early spring FRP) was calculated as the difference between FRPY and
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FRPG. In addition, other 11 plots were established, where only FRP was measured according to the
above-described protocol. This additional dataset was used only to increase to 20 the sampling points
used for NPP estimation.

2.4. Forest Structural Parameters

At the center of each sampling plot, leaf area index (LAI) was measured at the seasonal peak of
2007 (July) through two LAI 2000 Canopy Analyzers (Li-Cor) measuring above and below the canopy,
respectively. LAI values were calculated using the software FV2200 (LICOR Biosciences, Lincoln,
NE, USA) by considering only four of the five measuring rings to restrict the angle of view to better
represent LAI of the sampling plots.

At the end of the experiment (May 2008), the diameter at breast height (DBH) of each tree inside
the plots was measured, and the basal area (BA), representing the area (m2) of the cross-section of the
stem measured at 1.30 m height, mean, and maximum tree diameter of the plot (Dmax) were derived.

2.5. Soil CO2 Efflux, Microclimatic Condition, and Soil Characteristics

Inside the nine experimental plots, five PVC collars (10 cm diameter and 5 cm high, for a total of
45 points) were inserted in the soil with a circular distribution spaced at a minimum of 50 cm away
from the neighboring trees (Figure 1C). A closed dynamic system (EGM 4, PP-System, Hitchin, UK),
connected to a SRC-1 Soil Respiration Chamber (PP-System, Hitchin, UK), was used to measure SR.
Measurements were performed from May 2007 until May 2008 for a total of 11 campaigns, 7 during
growing season (from May to October 2007) and 4 in the leafless season (from November 2007 to April
2008) (see Guidolotti et al., 2013, for further information on SR measurements).

Soil temperature (T Soil) and soil water content (SWC) were measured at 0–10 cm by means of
STP-1 (PP-System, Hitchin, UK) and time domain reflectometry techniques (Trime-FM, IMKO, gmbH,
Ettlingen, Germany), respectively. All measurements were performed concurrently to the SR sampling.

In May 2008, litter and soil samples, down to 30 cm depth, were collected inside and below each
PVC collar installed for SR measurements.

2.6. Carbon/Nitrogen Concentration

Litter, soil, and fine root C and N content were determined by an elemental analyzer (Model
NA 1500, Carlo Erba, Milan, Italy). Soil samples were previously treated with HCl (10%) to
remove carbonates.

2.7. Statistical Analysis

Analysis of the relationships between fine root production with both forest structural parameters
and soil characteristics were performed only on annual values of FRP (FRPY) because soil sampling
and DBH measurements to calculate the forest structural parameters were carried out at the end of the
experimental period in May 2008.

Stepwise analysis was used to select the independent variables determining FRPY (Table 1 and
Table S1). We tested data normality and constant variance using the Shapiro–Wilk test and the
Spearman rank correlation between the absolute values of the residuals and the observed value of the
dependent variable. We applied communality analysis (CA) to a multiple linear regression built with
the variables identified by the stepwise analysis to disentangle the effects of each independent variable.
Communality analysis shares the explained variance into pure and joint effects of predictors in order to
assess the relative contribution of each predictor to the explained variance of the response variable [32].
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Table 1. Descriptive statistics of forest structural and soil parameters used to assess the relation with
the FRP in the 9 sampling plots. Maximum (Max), minimum (Min), mean (Mean), and coefficient of
variation (CV) values are reported for each parameter. N tree plot-1 is the number of tree inside each
sampling plot; basal area (m2) is the sum of the stem cross-section areas of the n trees present in each
plot; Dmax (cm) is the maximum diameter measured in the sampling plot tree height; LAI (m2 m−2);
T soil (◦C) is the average soil temperature measured during the SR campaigns (n = 11); SWC (%)
is the annual average soil water content measured during the SR campaigns, except February 2008
because of the snow cover (n = 10); SMN (%) is the organic nitrogen percentage in the mineral soil layer;
SMC (%) is the organic carbon percentage in the mineral soil layer; SON (%) is the organic nitrogen
percentage in the organic soil layer; SOC (%) is the organic carbon percentage in the organic soil layer;
litter amount (g DW m−2); litter N (%) and litter C (%) are the nitrogen and carbon percentages of the
litter, respectively.

Max Min Mean CV

Forest Structure Parameter

N tree plot−1 24 5 14 0.42
Basal area (m2) 0.37 0.21 0.30 0.20

Dmax (cm) 46.90 20.90 31.99 0.25
LAI (m2 m−2) 7.13 5.33 6.10 0.10

Soil Parameters
T soil (◦C) 9.39 8.59 8.92 0.03
SWC (%) 34.56 14.73 23.61 0.23
SMN (%) 1.32 0.44 0.82 0.35
SMC (%) 17.16 7.35 10.58 0.33
SOC (%) 28.04 16.14 21.18 0.18
SON (%) 1.91 1.14 1.46 0.17

Litter Amount (g m−2) 265.48 191.22 232.14 0.10
Litter N (%) 2.02 1.75 1.86 0.05
Litter C (%) 41.49 36.14 38.92 0.04

3. Results

3.1. Fine Root Production and Its Drivers

Fine root production during the growing season (FRPG) was estimated at 7.63 ± 2.02 Mg ha−1,
ranging from 5.47 to 10.93 Mg ha−1, with a coefficient of variation (CV) of 0.26. In May 2008,
12 months after in-growth cores installation, FRPY was 9.80 ± 1.97 Mg ha−1 y−1, ranging from 7.32 to
13.50 Mg ha−1 y−1 and with a CV of 0.20. The FRPLP, estimated as the difference between FRPY and
FRPG, was 2.17 ± 1.50 Mg ha−1.

Considering that total carbon NPP for the Selva Piana experimental site in 2007–2008 was
11.01 MgC ha−1 y−1 [33], and that the amount of C allocated in fine roots was 3.92 MgC ha−1 y−1 (with
C content of fine roots at 40.02 ± 1.92%), the contributions to total NPP by FRPY, stem and branches,
leaves, and coarse roots were 36%, 33%, 22%, and 9%, respectively.

The step-wise analysis results indicated LAI, related to basal area (Figure S1), and SWC as
the variables affecting FRPY (FRPY = −7.504 + 0.145 SWC + 2.342 LAI, R2 = 0.928, p < 0.01). The
commonality analysis suggested that 44% of the whole variability was affected by the pure effect of
LAI, 20% related to SWC, and 36% was affected by the joint effect of the two predictors.

3.2. Spatial Variability of Soil Respiration

In the study period, SR was 1.49 ± 0.22 μmol CO2 m−2 s−1 and ranged from 1.04 to 1.83 μmol
CO2 m−2 s−1. We observed relevant variability at both spatial (among the 9 experimental plots) and
seasonal (among the 11 SR campaigns) scales with mean CVs of 0.15 and 0.46, respectively.

In the study site, significant relationships between SR and FRP were observed. We found a highly
significant effect of FRP on SR among the different plots considering both annual mean value (FRPY,
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R2 = 0.702, p < 0.01, Figure 3) and the datasets including growing (FRPG) and leafless periods (FRPLP)
(R2 = 0.842; p < 0.01; Figure 4). Conversely, among plots, we did not find any significant relationships
between annual average SR and soil parameters reported in Table 1 (data not shown).

Figure 3. Relationship between annual fine root production (FRPY) and mean soil CO2 efflux (SR).
Each point is a different sampling plot, and error bars represent standard deviation.

Figure 4. Relationship between fine root production (FRP) and mean soil CO2 efflux (SR) in different
periods of the study: from May 2007 to October 2007 (FRPG, dashed line and empty circles); from
November 2007 to April 2008 (FRPLP, continuous line and black circles); dotted line shows overall
relationship. Each point is a different sampling plot, and error bars represent standard deviation.
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4. Discussion

4.1. Fine Root Production and Its Contribution to NPP

FRP values of this study were within the range of 2.9 and 9.6 Mg ha−1 yr−1 reported for several
beech stands in Europe [31,34]. Indeed, in an independent experiment carried out in the same period
and site using isotope-labelled soil in-growth cores, a net annual root-derived carbon input to soil was
estimated at 4 Mg C ha−1 yr−1 [33].

Moreover, our study suggests that not accounting for FRPLP could lead to an underestimation
of fine root contribution to C-cycle that could be relevant, confirming previous findings [35]. FRPLP

could be supported by the mobilization and use of carbohydrate reserves demonstrated in several
studies [36–38]. In our experimental site, this hypothesis is corroborated by the decrease of starch and
soluble sugars during winter [39,40].

Our results indicate that FRPY is mainly dependent on LAI, which represents a proxy of ecosystem
productivity and ground coverage [41,42]. This suggests that above- and belowground compartments
are strongly connected at both local [43–45] and regional scales [46]. The positive relationships between
FRPY with both LAI and SR demonstrate the crucial role of FRP in connecting the forest structure
and soil C fluxes. The role played by fine roots on soil C fluxes could be dependent on the forest
development stages. Indeed, a finding similar to that shown in the present study was reported for an
old mature beech forest [25], while no relationship was found between SR and fine root biomass in a
young beech forest [47].

A previous study carried out in 1996 in the Selva Piana stand [31] estimated an FRPY of
3.8 Mg ha−1 yr−1, less than half of the current study, although the ingrowth cores method estimated
lower values of FRP [48]. Furthermore, in the cited study, FRPY contributed less to annual NPP (28% vs.
36%). These results might be only partially explained by the 37% increment of aboveground biomass
and could be affected by the strong differences in precipitation regimes in the two sampling years,
especially during the July–August period. FRP, as well its contribution to NPP, can vary depending
on environmental factors [49–51], as suggested by the optimal partitioning theory where C allocation
to roots can increase when plant growth is limited by water and/or nutrients [52,53]. However, our
results suggested a double effect of water availability on FRP at different temporal and spatial scales.
Water limitations could stimulate allocation to fine roots (i.e., 1996 vs. 2007), but at the stand scale,
in case of water shortage, FRP could be positively stimulated by SWC. If so, this result confirms the
observed positive relationship found between beech fine root growth and water availability driven by
different precipitation regimes during drought years [51].

4.2. Spatial Variability of Soil Respiration and FRP

A large intra-site variability in SR rates was observed in several ecosystem types ranging from
savanna, tropical, boreal, to temperate forests [11,18,47,54–57]. In the present study, the spatial
variability of SR was not related to the soil microclimatic environment, including T soil and SWC,
confirming previous findings reported for three temperate European forests [58]. Hence, our results
suggest that FRP plays a major role in determining the spatial variability of SR in a Mediterranean
beech forest characterized by a closed canopy.

In addition, our data show a reduction of the FRP influence on SR (logarithmic regression) that
could be related to the effect of soil water shortage on SR fluxes during the dry seasonal period,
as previously demonstrated for the Selva Piana site [59].

5. Conclusions

This work described the spatial interactions among the forest structure and belowground C fluxes
in a Mediterranean beech forest characterized by an almost complete canopy closure.

Fine roots played a relevant role in the ecosystem C-cycle, representing the main component of
NPP (36%) and explaining about 70% of the annual soil CO2 efflux variability inside the stand.
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The results obtained in this study seem to indicate a functional mechanism to optimize source–sink
C relationships in response to spatial variability of microclimatic drivers associated with changes
of fine-scale forest structural traits. Forest structure and functionality are highly interactive; hence,
an improved understanding of their relationships is fundamental to address forest adaptation and
mitigation to climate change. Furthermore, as the structural features of the forest are derived from the
past management, these results may inform adaptive forest management options.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/3/255/s1,
Figure S1: Relationship between the basal area, representing the sum of the area (m2) of the cross-section of stems
measured at 1.30 m height, and Leaf Area Index (LAI) measured at the centre of each sampling plot, Figure S2:
Relationship between annual fine root production (FRPY) and leaf area index (LAI). Each point is a sampling
plot. Table S1: Forest structural parameters, soil parameters, and FRP in the 9 sampling plots (SP). Basal area
(m2) is the sum of the stem cross section areas of the n trees present in each plot; Dmax (cm) is the maximum
diameter measured in the sampling plot tree height; LAI (m2 m−2); T soil (◦C) is the average soil temperature
measured during the SR campaigns (n = 11); SWC (%) is the annual average soil water content measured during
the SR campaigns except February 2008 because of the snow cover (n = 10); SMN (%) is the organic nitrogen
percentage in the mineral soil layer; SMC (%) is the organic carbon percentage in the mineral soil layer; SON (%) is
the organic nitrogen percentage in the organic soil layer; SOC (%) is the organic carbon percentage in the organic
soil layer; Litter amount (g DW m−2); Litter N (%) and Litter C (%) are the nitrogen and carbon percentage of
litter, respectively; FRPY, FRPG, and FRPLP (Mg Dw ha−1) are fine root production estimated at annual scale,
during the vegetative season, and during leafless period, respectively; SRY, SRG, and SRLP are the mean of the
soil CO2 effluxes measured during the whole study period, during the vegetative period, and during the leafless
period, respectively.
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Abstract: Controlling competing vegetation is vital for early plantation establishment and growth.
Aboveground biomass (AGB) response to manual grubbing release from shrub competition was
compared with no release control in a twelve-year-old ponderosa pine (Pinus ponderosa Lawson &
C. Lawson) plantation established after a wildfire in northeastern California. In addition, response to
chemical release followed by precommercial thinning in an adjacent plantation was also examined as
a growth potential from a more intensively managed regime, where shrub competition was virtually
eliminated. We measured AGB in both planted trees and competing woody shrubs to partition the
biomass pools in the plantation. The results showed a significant grubbing treatment effect on basal
diameter (BD) at 10 cm aboveground (p = 0.02), but not on tree height (p = 0.055). Height and BD
were 2.0 m and 7.4 cm in the manual release, respectively, compared to 1.7 m and 5.6 cm in the
control. However, chemical release produced much greater rates of tree growth with a height of
3.6 m and BD of 14.7 cm, respectively. Tree AGB was 60% higher with the manual release of shrubs
(1.2 Mg ha−1) than with control (0.7 Mg ha−1) (p < 0.05). The planted area without shrub competition
yielded a much higher green tree biomass (16.0 Mg ha−1). When woody shrub biomass was included,
the total AGB (trees and woody shrubs) appeared slightly higher, but non-significant in the no release
control (13.3 Mg ha−1) than in the manual release (11.9 Mg ha−1) (p = 0.66); the chemical release had
17.1 Mg ha−1. Clearly, shrub biomass dominated this young plantation when understory shrubs were
not completely controlled. Although the manual release did increase targeted tree growth to some
degree, the cost may limit this practice to a smaller scale and the remaining shrub dominance may
create long-term reductions in growth and a persistent fuels problem in these fire-prone ecosystems.

Keywords: chemical release; manual release; shrub biomass

1. Introduction

Release treatments are a common management practice for ponderosa pine (Pinus ponderosa Lawson
& C. Lawson) plantations. Woody shrubs often compete with planted pines reducing growth and
increasing mortality rates [1,2], and moisture is a primary limiting factor within the range of ponderosa
pine [3]. Controlling competing vegetation reallocates more available soil water to planted trees [1],
thus fostering successful establishment and more rapid canopy closure. Release treatments lead to
increased rates of tree growth [4–6]. Wagner et al. [7] observed a growth release threshold of ~3 Mg ha−1

of shrub biomass in interior ponderosa pine. Through a study on a pine plantation at an advanced
age (39 years) on a low-quality site, McDonald and Powers [8] found total aboveground biomass was
greater without shrubs than with, although it was not clear if there was any statistical significance.

Although chemical release is a common and effective practice on industry lands, manual release
is more often employed on federally-owned forests in the western United States. Although expensive,
manual release can be effective at improving the growth of planted ponderosa pine [2,4].
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Reducing competition from woody shrubs has consequences for estimating long-term productivity
in ponderosa pine stands [9,10]. This is true both for volume estimation as well as biomass or
carbon sequestration. In summarizing the results for 12 California long-term soil productivity
installations, Zhang et al. [11] found that total aboveground biomass was significantly higher for
non-vegetation-controlled plots than for plots with vegetation control at ages 5 and 10, but there was
little difference by age 20. It appears that biomass or carbon in vegetation control plots will surpass that
of non-vegetation control plots very early in stand development. This carbon-dynamics information is
important when managing plantations for carbon storage and other ecosystem services. However,
information is lacking on the biomass dynamics, especially with less intensive manual competing
vegetation control efforts.

There are many factors that can vary among operational treatments. Timing of application(s),
repetition of treatment, intensity of treatment or, in the case of herbicides, the chemical(s) chosen
for a given application may all contribute to varying results. Thus, any study that took all these
into consideration would be excessively complex, easily involving dozens of potential operational
treatment combinations. A simpler approach, employed here, is to evaluate varying levels of treatment
intensity that are representative of a range of management styles.

In this paper, we considered three different levels of management intensity in a young ponderosa
pine plantation. The first was a control (no release) which represented a laissez-faire management
approach to plantation establishment wherein planted trees fend for themselves with no assistance
provided to establish any competitive advantage with non-crop vegetation. It is generally the least
expensive in terms of operational costs, although there are indirect costs accrued from growth loss and
higher mortality. The second approach, often favored on federal forest lands, was the use of manual
grubbing around selected planted trees. It is the most expensive approach on a cost per unit area
basis [2]. Recent figures from Region 5 of the Forest Service (personal communication, Joe Sherlock,
a Pacific Southwest Region Silviculturist) show that an average of $5.6 million was spent annually
on manual release treatments between 2002 and 2012. The advantage of this particular approach
is primarily that it averts controversy associated with herbicide applications. Forest industries in
California frequently use herbicides as a cost-effective release treatment which improves tree growth.
While the cost of herbicide application is lower, this does not consider indirect costs related to other
ecological values. Herbicide application is considered to be more effective at producing desired growth
and survival for planted trees [2]. The third treatment employed herbicides to achieve a more complete
control of competing vegetation. This was used as a reference point for growth potential at this site.

The objective of this study was to evaluate the tree growth and total aboveground productivity
(including shrubs) of a twelve-year-old ponderosa pine plantation under three separate treatments
representing a range of management intensities. We focused on aboveground biomass response in both
trees alone and total aboveground woody vegetation. We did not include soil carbon due to the fact of
a lack of observed differences between with and without vegetation controls in similar systems [12].

2. Materials and Methods

2.1. Study Site

The study was established at the Blacks Mountain Experimental Forest (BMEF) in the southern
Cascade Range of northeastern California (40.72N latitude, 121.17W longitude). Elevations range from
1700 to 2100 m. The climate is montane Mediterranean characterized by warm, dry summers and
cold, wet winters. Annual precipitation ranges from 231–743 mm and falls primarily as snow from
November to May.

The BMEF is located in the Lassen National Forest in northeastern California (Figure 1); it is located
in an endorheic basin with no year-round streams. The surrounding area is unpopulated; the nearest
communities are Susanville 56 km to the southeast and Old Station 22 km to the west. The National
Forest is managed for multiple uses and after severe wildfire, areas are typically replanted using native
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species well adapted to the area. Some adjoining parcels are privately owned and managed primarily
for timber production. The forests in this area are dominated by ponderosa pine with a mix of white fir
(Abies concolor (Gord. & Glendl.) Lindl. Ex Hildebr.) and incense-cedar (Calocedrus decurrens (Torr.)
Florin) at higher elevations.

Figure 1. Geographic locations of the Blacks Mountain Experimental Forest, the Cone Fire perimeter,
and study area in northeastern California, USA.

Approximately 650 ha of the BMEF and 200 ha of adjacent privately owned forest was burned by
high-severity human-caused wildfire in 2002. Both ownerships were subsequently salvage-logged and
planted with container-stock ponderosa pine at 3.7 m square spacing in the spring of 2004 (Figure 2).
The experimental forest was planted with Styroblock 77/170 (164 ml volume per cavity; Beaver Plastics,
Stuewe & Sons, Inc., Tangent, Oregon) while the adjacent privately owned land was planted with
Styroblock 160/90 (90 ml) stock.
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Figure 2. Post-fire regenerated plantations on public land at Blacks Mountain Experiment (left) and on
private industry land (right), the latter formerly owned by Roseburg Forest Resources, now Sierra Pacific
Industries. Both sides were planted with one-year-old ponderosa pine seedlings in 2005. The upper
picture was taken at the photo point (*) prior to the precommercial thinning in 2009. The bottom 2014
image from Google Earth shows the post thinning plantation on industry land.

2.2. Blacks Mountain Release Treatments

Within the experimental forest plantation, a paired study of release treatments was established to
compare the effects of manual grubbing on competing shrubs (primarily Ceanothus velutinus Douglas ex
Hook and Arctostaphylos patula Greene) that germinated from seed after the wildfire. Manual grubbing
is a common release treatment on national forest land in this region and herbicide release is used
infrequently. Nine paired treatment units were established. At each of the nine locations, two 2.5 ha
treatments were applied with random assignment: no release treatment and a release with all vegetation
manually grubbed to a 1.5 m radius on half of the planted seedlings. Thus, 18 treatment units were
regarded as our experimental units. Grubbing treatment was applied to 370 trees per ha (roughly half
of the surviving planted trees in a unit) by assuming as future crop trees. Treatments were applied in
the fall of 2007 and then again in the fall of 2009 after 4 and 6 growing seasons, respectively.

Circular measurement plots with a 3.6 m radius were established in a 16 × 13 m grid within
each treatment unit. There was a total of 27 plots per treatment unit. The plots were established
in 2008 and measured in 2015. All trees within the designated plot radius were measured for basal
diameter (BD at 10 cm), total height (H), and crown width (CW). Crown width was measured on the
long axis and perpendicular at the base of the live crown and then a geometric mean of the two was
calculated. Basal diameter was recorded to the nearest mm with a caliper, height and crown widths to
the nearest cm.
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2.3. Industry Release Treatments

The adjacent plantation had a site preparation release treatment in 2003 of 22 kg ha−1 of Velpar
(backpack application). This was followed with a directed release with two 4D targeting Ceanothus
prostratus Benth. plants in 2005 (backpack application). A final release directed for Ceanothus velutinus
plants with glyphosate was applied in 2007 (backpack application). Finally, a precommercial thin to
400 trees ha−1 was conducted in 2012 (at age nine).

A systematic array of 50 plots with the same measurements as the experimental forest (3.6 m radius
circular plot) was established on the industry property in 2015. The same measurement standards
were used with an augmented stump tally with measured basal diameters for all trees removed in the
2012 precommercial thin. Because we could not measure height directly on trees removed during the
thinning, height was estimated using a regression relating H (m) and BD (cm) with other measured
trees on both properties: H = 0.1 + a0 BDa1 (Figure 3). The 0.1 m was added because BD was measured
at 10 cm above ground.

Figure 3. Height and basal diameter regression for combined non-linear fit of untreated (red), manual
release (blue), and chemical release (green) trees.

A total of 81 standing trees were sampled, plus another 141 stumps of trees felled by precommercial
thinning. These observations provide a reference for the site productivity potential of ponderosa pine
on an identical site with trees in a free-to-grow condition.

2.4. Biomass Data

In both the experimental forest and on the adjacent property, nested rectangular shrub plots were
established. Within each of the circular tree plots, a 1.5 m2 shrub-biomass plot was established with the
southwest corner at the center of the larger tree plot. This sub-plot was an efficient size to destructively
sample in this vegetation structure. On the smaller plot, percent cover and height were obtained for
each quadrant by species and averaged for the plot. Percent cover was an ocular estimate and vertical
average height was measured to the nearest cm and averaged. There was a total of 486 plots on the
BMEF experimental units and 50 on the neighboring privately owned parcel.

Because plots within the chemical release area had so little shrub cover, it was possible to do a
complete inventory of shrub biomass by destructive sampling. Therefore, we recorded shrub cover and
height and then removed and weighed shrub biomass on all plots where shrub biomass was found.

It was not feasible to destructively sample shrub biomass on all 486 plots in the experimental
forest because of the high shrub cover, therefore subsampling of biomass was required for these plots.
Within the experimental forest, observed cover values for each plot ranged from near zero to complete
coverage of shrubs. This resulted in a total of 30 plots for biomass destructive sampling with a total of
51 separate species-biomass observations (Table 1).

175



Forests 2019, 10, 795

Table 1. Summary statistics for cover (percent), height (cm), volume (m3 m−2), and shrub biomass
(g m−2) sampled by species (ARPA=Arctosaphylos patula, CEPR=Ceanothus prostratus, CEVE=Ceanothus
velutinus, and OTSP = other species).

Species n Cover (%) SD Height (cm) SD
Volume

(m3 m−2)
SD

Biomass
(g m−2)

SD

ARPA 12 18.1 17.3 64.2 19.8 0.129 0.125 262 314
CEPR 11 29.0 35.4 6.8 3.0 0.020 0.026 87 109
CEVE 22 61.3 35.8 90.0 27.9 0.609 0.474 1366 1200
OTSP 6 9.1 10.9 41.0 28.8 0.028 0.021 25 24
ALL 51 38.0 36.3 60.2 39.5 0.301 0.416 673 1003

Tree biomass for all plots was estimated using equations presented by Powers et al. [13],
Biomass = 278.1443 × (BD)2 × Height + 0.4004, where biomass is in kg and basal diameter (BD)
and height are in m.

Shrub biomass was calculated by oven-drying each sample until its weight stabilized at 80 °C.
Leaves were separated to obtain the weight of woody biomass. From this sample, we fit woody
(stem) biomass (g m−2) as a function of observed crown volume (m3 m−2) using ordinary least squares
regression and the natural log transformation of both variables (Figure 4). Using log-bias corrected
parameter estimates [14], we then derived a woody shrub biomass estimate for each plot.

Figure 4. Model fit statistics and uncorrected parameter estimates for aboveground woody biomass
(g m−2) in shrubs as a function of shrub volume (m3 m−2), expressed for Ceanothus prostratus. (green,
solid line) and other species (red, dashed line).

2.5. Analysis

Using plot mean height and BD, tree, woody shrub, and total biomass were estimated first. Then,
we compared treatment effects using analysis of variance based on the experimental units in the
experimental forest. Observations on industry land are presented as a reference for potential growth.

3. Results

Differences in height between the manual release treatment and the control on public land was
0.33 m, about 20% higher in the manual release treatment (Figure 5A), which is non-significant
(p = 0.055) if the critical value for the comparison is based on p = 0.05. The average basal diameter was
significantly higher in the manual release treatment (7.4 cm) than in the control (5.6 cm) (Figure 5B).
As a reference point for the growth potential of the site, chemical release yielded much larger sized
trees, 3.6 m in height and 14.7 cm in BD.
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Figure 5. Means and standard errors of (A) height and (B) basal diameter for twelve-year-old ponderosa
pine trees grown in no release control, manual release, and chemical release treatments. Different letters
(a, b) refer to a significant difference between the two treatments (p < 0.05). Chemical release was not
included in the analysis because it was not in the original design.

Similar trends were found in the area based on total tree biomass with 1.2 Mg ha−1 in the
manual released treatment and 0.7 Mg ha−1 in the control; the difference was significant (p = 0.045).
Chemical release treatment resulted 16.0 Mg ha−1 in green tree biomass (Figure 6A). However, when
total vegetation AGB (trees + shrubs) was considered, the control treatment’s production was slightly
higher (but non-significant) in biomass than in the manual release treatment (p = 0.656) (Figure 6B).
There were 17.1 Mg ha−1 on the adjacent private industry land with the chemical release.

Figure 6. Means and standard errors of (A) tree aboveground biomass and (B) total aboveground
biomass (i.e., trees and shrubs) on a twelve-year-old ponderosa pine plantation grown in no release
control, manual release, and chemical release treatments. Different letters (a, b) refer to a significant
difference between the two treatments (p < 0.05). Chemical release was not in the analysis because it
was not in the original design.

4. Discussion

To the best of our knowledge, this is the first study to examine the long-term effects of partial
grubbing release on shrub competition. Manual grubbing release has previously been studied mainly
for seedling survival and individual tree growth with small plot size and few seedlings monitored
during early plantation establishment [2,4]. Here, we took advantage of operational planting scale
and designed the paired experimental units with a rather large plot size on both no release control
and manual grubbing release. Fortunately, an adjacent private land was reforested using the same
species and density in the same year as our experimental forest. Although we could not include it
in our experimental design ten years ago, a sharp difference in plantation characteristics between
management regimes brings into question whether statistical tests can tell us more than what we
observed (Figures 2, 5 and 6).
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While manual grubbing did increase tree growth, height and BD were not nearly as high as that
in the chemical release treatment. Several reasons may explain this result. First, approximately only
50% of planted trees were released. In this dataset, there were 288 released trees and 257 non-released
trees. The means the height, BD, and biomass presented in the results included all trees. Had we
compared the released with non-released trees within the released treatment, we would find a larger
mean size in the released trees (height 2.2 m and BD 8.5 cm) than in the non-released trees (1.8 m and
6.2 cm). Both were still greater than the no released control, but much smaller than trees in the adjacent
land with chemical release. Second, 1.5 m radial grubbing around selected seedlings would have
represented approximately 50% of the area, if all planted trees had survived and were subsequently
released. Because we only released 288 trees, approximately only 25% of the area was grubbed.
In contrast, chemical release in the industry land covered 100% of the area. Third, grubbing will not
kill resprouting shrubs growing at this site. Ceanothus velutinus, Ceanothus prostratus, and Arctostaphylos
patula are all resprouting species [15] and are difficult to kill with grubbing, as was evident in areas
with and without manual grubbing where shrubs dominated the plantation (Figure 6). Because there
were very few shrubs on the private industry land after treatments, tree biomass was the primary
biomass pool, which was even bigger than the total AGB (trees and shrubs) in the other treatments,
and it is worth noting that this does not include the additional 7.4 Mg ha−1 that was removed by
precommercial thinning.

Planting trees and restoring forests following disturbances are still regarded as effective strategies
for balancing CO2 emission, as forests can store a large amount of carbon. However, within a forest,
storing carbon in the tree bole is preferred to understory shrubs. Therefore, the objective for plantation
management is to grow trees as quickly as possible, as larger trees are generally more resistant to future
fire damage due to the fat of their thicker bark and taller stature [16,17]. Complete control of shrubs
will provide the best results, as demonstrated in numerous studies [1,6]. Partial control of shrubs was
difficult to implement, and the crown of remaining shrubs often quickly took over the space [5,18];
therefore, it was not as effective as the complete control at reducing competition.

Soil carbon, a larger carbon pool than aboveground vegetation, had a slow and complex
sequestration process, which was not measured here. Based on studies at multiple sites with
multiple years of understory control, Powers et al. [12] did not find any difference in soil carbon with
and without understory control, including one installation inside the experimental forest. Because our
plantations are of a similar age, we expect that the soil carbon does not differ among the two plantations.

Throughout the western United States, current reforestation efforts in the US Forest Service are
conducted primarily in a post-burn environment as clearcutting practice has fallen off. Planning
for regeneration is influenced by many considerations including fire severity, natural regeneration
potential, soil erosion risk, water contamination, and wildlife habitat [19]. As a result, a relatively small
proportion of burned areas are targeted for artificial regeneration. Furthermore, funding constraints
limit the manual treatments for these plantations, where both trees and shrubs compete for the
dominant position (Figure 2).

Cost was a critical limiting factor for manual grubbing; our cost per application was about US
$700 ha−1. The grubbing treatment was also ineffective, with two applications producing a large shrub
biomass pool (Figure 6). It is difficult to know how many applications would be necessary to achieve
complete control with grubbing, but given the propensity for these shrubs to re-sprout and abundant
viable seeds in the soil seed bank, it would likely take at least six applications of manual grubbing to
achieve a free-to-grow condition (Gary Fiddler, personal communication). If this is the case, then the
cost for an effective manual grubbing regime would be on the order of US $4000 ha−1.

Herbicide application is a highly regulated process by the State of California. Not only are
applicators licensed by the California Environmental Protection Agency, but they also meet all laws
and regulations related to the California Division of Occupational Safety and Health. More importantly,
few herbicides have been registered for use in California forests, where applications are typically
associated with plantation establishment on private industry lands.
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The evaluation of total standing aboveground biomass, including both trees and shrubs, suggested
a possible increase with chemical release (Figure 6). The difference between effective removal of shrubs
and a free-to-grow environment through chemical release and manual release for green biomass was
about 5.0 Mg ha−1. But, if the tree AGB from precommercial thinning was considered, we would find
a substantial increase in total aboveground biomass or carbon in the chemical release. This is likely
due to the more efficient carbon sequestration by conifers versus shrubs after the overstory canopy
closes [11]. In addition, ponderosa pine is a marketable product, so this carbon can be converted to
wood products and maintained longer [20].

The observed productivity with respect to tree growth, using the OP-Yield projections [21],
suggests that the intensively managed plantation is growing at a rate commensurate with a site index
of 25 m at a base age 50 years, while the manually released stand is growing at a rate commensurate
with a site index of 10 m at a base age 50 years; suggesting a significant reduction in tree productivity
consistent with the findings of Newton and Hansen [10].

In this moisture-limited environment for tree growth, effective early control of competing
vegetation is a key component of an effective management strategy for regenerating conifers [22–24].
One rule of thumb is that cover should be maintained at levels below 20 percent [2,18] and that
early treatment is the key because growth losses can persist [6,25]. These results demonstrate the
importance of liming the competition as it relates to aboveground biomass and carbon of trees in
young plantations. Two applications of a manual release treatment were not able to produce a growth
response approaching productive capacity. More frequent applications could conceivably be applied
but these treatments are already cost-prohibitive on a unit area basis.

5. Conclusions

A significant effect of the manual grubbing release from shrub competition on tree growth was
found when compared with the no release control. Yet, total aboveground biomass or carbon was only
marginally influenced because shrub biomass dominated both sets of plots in this young plantation.
On adjacent private industry land, the chemical release showed an order of magnitude more tree
biomass or carbon than the public land treatments and even more total biomass including all shrubs.
While manual grubbing commonly continues to be used to reduce the impacts of competing vegetation
on tree growth and mortality on public land, this treatment does not allow trees to approach productive
capacity of the site because these competitors are often not killed by the grubbing and grow back into
the cleared space.

Here, in the western United States, especially in California, forest managers often face a
reforestation challenge in forests burned by wildfire; last year, California wildfires consumed
0.75 million hectares. Only a small percentage of public lands are planted because of land-use
restrictions. The success of artificial regeneration depends on how well competing shrubs are
controlled. Although industry foresters often use herbicides to effectively control shrubs and achieve
the potential productivity of plantations, as shown here, use of herbicides remains a contentious issue
and tightly constrained by regulation. Clearly, the effects of herbicide use on the environment must
be considered [26], which is also included in current environmental assessments required by the US
National Environmental Policy Act. A broader tradeoff for controlling competing shrubs between
using herbicides and grubbing or other means should be evaluated if biomass production or carbon
sequestration is one of goals in the post-fire reforestation program.
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Abstract: Although several studies suggest that tree species in mixed stands resist drought events
better than in pure stands, little is known about the impact on growth and the tree water deficit (TWD)
in different tree heights at heavy drought. With dendrometer data at the upper and lower stem and
coarse roots, we calculated the TWD and growth (ZGmax) (referring to the stem/root basal area) to
show (1) the relationship of TWD in different tree heights (50% tree height (H50), breast height (BH),
and roots) and the corresponding leaf water potential and (2) how mixture and drought influence
the partitioning of growth and tree water. The analyses were made in a mature temperate forest of
Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica (L.)). Half of the plots were
placed under conditions of extreme drought through automatic closing roof systems within the stand.
We found a tight relationship of leaf water potentials and TWD at all tree compartments. Through
this proven correlation at all tree heights we were also able to study the differences of TWD in all tree
compartments next to the growth allocation. Whereas at the beginning of the growing period, trees
prioritized growth of the upper stem, during the course of the year the growth of lower stem became
a greater priority. Growth allocation of mixed spruces showed a tendency of a higher growth of the
roots compared to the BH. However, spruces in interspecific neighborhoods exhibited a lesser TWD
in the roots as spruces in intraspecific neighborhood. Beeches in intraspecific neighborhoods showed
a higher TWD in BH compared to H50 as beeches in interspecific neighborhoods. Mixture seems to
enhance the water supply of spruce trees, which should increase the stability of this species in a time
of climatic warming.

Keywords: tree water status; climate change; rainfall exclusion; Picea abies (L.) Karst.; Fagus sylvatica (L.);
root–shoot allometry

1. Introduction

Climate models have predicted an increased number of drought events of longer duration and
stronger intensity [1,2] that are likely to alter the growth and stability of forests [3–5]. Ciais et al.
(2005) [6] gave evidence that precipitation deficits and extreme summer heat are capable of causing a
Europe-wide reduction of ecosystem primary productivity. Increasing drought and accompanying
changing resource availability lead to shifts in resource allocation within trees [7]. As predicted by
functional equilibrium models [8,9] and proven by extensive studies [10], plants allocate additional
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biomass to those organs that acquire the most limiting resources. Consequently, plants allocate more
biomass to the roots in such cases where belowground resources, such as water and nutrients, are
limiting. When light or CO2 are the limiting factors, plants allocate more biomass above ground. Tree
species sensitive to drought can, therefore, respond to extreme drought with reduced stem growth and
increased root growth [10,11].

Drought stress reactions can be determined, inter alia, via the leaf water potential (tree water
status). Based on the difficult accessibility of branches, it is very laborious to measure leaf water status
in tall trees. Continuous high-resolution measurements of stem radius variations meet this and provide
an opportunity to gain deeper insights into the dynamics of tree water relations and growth patterns
due to the opportunity to assess tree water status without a canopy crane or other circuitous methods
for taking leaf water potential measurements in the tree crown. As such, they offer huge potential
for ecological research under a changing climate. Stem radius variations are increasingly used in
plant physiology to analyze stem growth and the tree water status [12–15] and have been analyzed for
different tree species [14,16,17].

Usually, diurnal stem radius variations are measured by electronic, high-resolution point or
band dendrometers [18,19]. The drought-induced changes can be recognized through modified
characteristics of the bark tissue (decreasing cell turgor, which results in stem shrinking) and changes
in radial growth [20,21]. When transpiration exceeds the water uptake from the soil, the tree relocates
water storages—mainly located in the living cells within the cortex—to maintain the transpiration
process. The coordination of stomatal and hydraulic regulations allows for an adjustment of the tree
water use. Various environmental factors (e.g., temperature, soil water availability, vapor pressure
deficit) control these mechanisms and thus the tree’s water use. On a diurnal scale, shrinking
and swelling of the stem is the result of these mechanisms and lead to alternating depletion and
replenishment of the involved tissues. This process is driven by the transpiratory demand during
daytime and overnight refilling of the living cells of the phloem tissue with water from the soil [22–24].
There are many ecophysiology models describing the dynamic radial and vertical water flow between
the tree tissues [13,25–27]. Zweifel et al. (2000) [17] investigated stem radius changes and their relation
to stored water in stems with truncated stem segments of living Norway spruces and were able to
attribute the stem contraction to the living tissue outside of the cambium. Shrinking and swelling of the
stem can, hence, be used as indicators for the whole tree water status [17,26,28] and can be measured
for any species and any tree organ. How trees react during drought at the different tree compartments
are very interesting, due to the species-specific strategies to cope with drought stress [29,30]. McCarthy
and Enquist (2007) [31] showed that plants allocate biomass to the plant compartment which acquires
the most limiting resource.

In addition to site and climatic conditions, the mixture of species also has a significant impact on
the water supply and growth of a tree. Species mixture can improve forest ecosystem functions under
changing climate through complementary interactions among a pair of species [32,33]. Complementary
effects depend on the type of species and the changing resource availability [33–35]. The most
widespread mixed forest stands in Central Europe consist of Norway spruce (Picea abies (L.) Karst.)
and European beech (Fagus sylvatica (L.)). Mixtures of these tree species have been analyzed in many
studies [36–39]. Evergreen spruce is considered to be particularly sensitive to drought stress [40,41],
with a drought sensitive stomata closure [29] and correspondingly impeded photosynthesis. Deciduous
beech is known to be more drought resistant as compared to spruce [41,42]. The mixture of these two
tree species can have several advantages for both tree species. For example, Bolte and Villanueva
(2006) [43] detected a deeper rooting system of beech in mixture with spruce compared to monocultures,
and consequently, an enhanced water and nutrient availability for beech trees. The improved soil
water storage due to the reduced interception of beech in mixture with spruce [44–46] can also have a
positive effect on the water availability and change the entire stand’s water balance [47].

The knowledge of species interactions in mixed forest stands has increased in recent years, with
many investigations about beech and spruce trees [35,37,42,43]. However, most studies have focused
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on growth-related differences in mixture rather than on changes in tree water status and these were
not observed at different tree positions. Further, the differences between stem and root show the shift
of growth and tree water under drought conditions for the given species, where water drawn from
internal stores during drought is not only from an ecophysiological perspective but also from a remote
sensing perspective interesting. Remote sensing captures the water content of tree canopy (CWC),
the product of leaf area index, leaf mass per area, and leaf water content [48]. A greater focus on
water pools may improve our ability to understand and anticipate drought-induced changing traits or
mortality in plants [49,50].

In the present study, we determined the basal area growth (ZGmax) and tree water status
(tree water deficit, (TWD), as described by Zweifel et al. (2016) [51], also referred to the basal area) at
three tree compartments: the upper stem (50% tree height—H50, at approximately 15 m tree height),
the lower stem (breast height (1.3 m), BH), and at the coarse roots (roots) in the growing season.
The TWD, as the measurement unit for the tree water status, was analyzed in relation to the leaf water.
Subsequently, TWDs at H50, BH, and the roots were employed to analyze species-specific differences
between beech and spruce in terms of drought-related changes in root–stem allometry.

The aim of the study was to investigate growth allocation as well as local tree water deficit in the
tree compartments under heavy drought, in intra- and interspecific neighborhoods. Therefore, we
used a rainfall exclusion experimental setup to provide drought stressed mature trees in the treatment
plots and unstressed trees in the control plots. Naturally occurring drought was experimentally
enhanced by means of stand scale rainfall exclusion, the Kranzberg ROOF Experiment (KROOF).
We demonstrated how the allocation pattern of control and treatment trees or trees in intra- and
interspecific neighborhoods during the growing season look.

We hypothesized that: (1) the stem basal area variations and the leaf water potential show a
positive relationship at the different tree heights; (2) the relationship between growth response and the
respective TWD is the same at the three different positions H50, BH, and root; and (3) interspecific
neighborhood with beech trees facilitates spruce trees under drought stress.

2. Materials and Methods

2.1. Site Description

The study was located in southern Germany (longitude: 11◦39′42′′ E, latitude: 48◦25′12′′ N,
altitude 490 m a.s.l), near Freising (Kranzberg forest) and approximately 35 km northeast of Munich.
The soil of the Kranzberg forest is a luvisol developed from loess over tertiary sediments with high
nutrient and water availability. The forest stand comprises European beech (Fagus sylvatica (L.)) and
Norway spruce (Picea abies (L.) Karst.). The age of trees varies between 64 ± 2 years for spruce and
84 ± 4 years for beech (in 2015). In 2010, twelve plots were established with a total area of 1730 m2

with 63 beech trees (mean height 26.1 m, mean diameter 28.9 cm at breast height) and 53 spruce
trees (mean height 29 m, mean diameter 34.3 cm at breast height) (Table 1). On each plot, four trees
were selected as monitoring trees (48 trees in total) (Table S1). Each of the 12 plots contained zones
of spruce or beech trees in an intraspecific neighborhood and zones of spruce or beech trees in an
interspecific neighborhood.

For the throughfall exclusion experiment (TE), roof structures were built in six plots below the
crown of the trees at a height of about 3 m. The other six plots acted as control plots (CO). In spring
2010, the plots were trenched with a heavy-duty plastic trap to a depth of about 1 m to avoid external
effects on and water intake in the experimental plots [52]. The roofs closed only during rainfall through
a set of precipitation sensors, to avoid unintended micro-meteorological and physiological effects [38].
The drying cycles with closing roofs lasted from May to December 2014 (570 mm precipitation was
excluded) and from March to November 2015 (480.2 mm precipitation was excluded). The annual
precipitation average for the Kranzberg forest ranges between 750 and 800 mm for the entire year and
between 460 to 500 mm year−1 in the growing season (mid-April to the end of October) (1971–2000) [53].
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The annual average temperature is 7.8 ◦C and the average temperature for the growing season is
13.8 ◦C (detailed description provided by Pretzsch et al. (2012) [47]).

Table 1. Characteristics of the investigated stand where the treatment and control plots were located.
(N: number of trees per ha; n: number of trees with dendrometers; BA: basal area per ha; V: total stem
volume per ha; hq: mean height; dq: quadratic mean diameter at 1.3 m breast height).

Area N n BA V hq dq

(m2) (m2) (m3) (m) (cm)

Drought Treatment

Spruce 301 12 29.7 422 29.3 34.8
Beech 352 12 22.9 309 26.1 29.1
Total 145 653 24 52.6 730

Control
Spruce 310 12 28.8 400 28.7 33.8
Beech 356 12 22.6 305 26 28.7
Total 144 666 24 51.4 705

2.2. Water Potential (Ψ Leaf)

Leaf water potentials at predawn (LWPpre) and midday (LWPmid) were measured on several
sunny days during the growing season (April–October) in 2014 and 2015. Leaf water potential
measurements were conducted in time windows from 2:00 h to 3:30 h CET for LWPpre and 13:00
to 15:00 h CET for LWPmid. The same experimental trees (n = 31) were used for the dendrometer
measurements that could be conducted with the canopy crane. At a height of 25–30 m, south-exposed
twigs of about 10–20 cm in length were taken from the sun crown (access through canopy crane) and
were enclosed in humid plastic bags to prevent further water loss. The leaves were immediately
measured with a pressure chamber (Model 3000 Pressure Extractor, Soil moisture Equipment Corp.,
Santa Barbara, CA, USA).

2.3. Stem Basal Area Variations (Growth and Tree Water Deficit)

On each of the 48 trees selected for measurement, three automatic dendrometers of two types
(Ecomatik, Dachau, Germany) were installed at different tree heights. The DR-type dendrometer
(DR, radius dendrometer) was installed at breast height (1.3 m, BH) and 50% tree height (H50).
For measurements of the roots, circumference dendrometers of the DC2 type (DC, circumference
dendrometer) were used and fixed on one main root per monitoring tree at most 20 cm depth and
30–50 cm distance to the tree. The thermal expansion coefficient of the sensor was <0.2/K μm.
All dendrometers were fixed in a northeast direction to avoid environmental influences. From the
spruce trees, the outermost tissues of the bark were removed to minimize hygroscopic effects of the
outer bark. The frames of the dendrometers were fixed with stainless steel screws on the tree stem,
with the linear transducer in direct contact with the stem/root surface. Measurements were recorded
every 10 minutes. All measurement errors and proven outliers in the raw data were eliminated prior to
further processing. Hourly means of the raw 10 minute measurements of stem radius variations were
analyzed during the growing season (April to the end of September, days of the year (DOY) 91–273).

To describe how drought affects the tree organs, we used the tree water deficit (TWD), defined
by Zweifel et al. (2016) [51]. First, the “pure” growth (further defined as zero growth, ZGmax) was
extracted from the stem or root dendrometer measurements to determine the TWD (water signal).
For separation, we used the zero growth concept of Zweifel et al. (2016) [51], which results in growth
curves with a stepwise shape (Figure 1). When the current maximum of the stem basal area is exceeded,
the increment increases. For our investigations, we used the maximum ZG value per day (ZGmax).
The TWD was calculated as the difference between the growth-induced expansion of the stem and the
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daily shrinking and swelling. The negative values of the TWD revealed increasing shrinking of the
stem basal area.

The radial measurements (ZG and TWD) were transformed into basal area fluctuations.
This procedure is standard in examinations of tree ring data [54], but new for analysis of dendrometer
data. We used this approach because the basal area fluctuation as a two-dimensional measurement
better reflects the tree response than the radial fluctuation as a one-dimensional measurement which
neglects the respective tree dimension.

Furthermore, we proved the relationship between the stem water signals and the leaf water
potentials at midday and predawn. We found the best match for the relationship between LWPpre and
TWD minimum (TWDmin, maximum daily shrinkage) during drought conditions (Supplementary
Materials, Table S2) and used the LWPpre for further analysis of the relationship between TWDmin
and LWPpre.

Figure 1. Exemplary illustration of the course of the stem basal area variation and the two applied
indices, zero growth (ZG) and tree water deficit (TWD), for a period of 16 days in the growing
season 2015 of an example spruce tree. The climatic graph of vapor pressure deficit (VPD) and daily
precipitation sum (Prcp) illustrated how the deficit of water led to a stagnation of the zero growth and
a decrease in the tree water deficit during the last five days of the example period.

2.4. Climatic Data

The weather data were collected from two sources. Temperature and relative humidity were
measured at 10 min intervals in the forest stand and monitored with a temperature sensor (RFT-2,
UMS) at a height of 27 m and stored in a datalogger (Logger Campbell CR100, Multiplexer AM16/32).
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The sensor was protected against direct irradiation with a ventilated radiation shield. The vapor
pressure deficit (VPD) was calculated with these data. Precipitation data were available from the
nearby weather station, about 2 km from the study site in Kranzberg forest [55].

2.5. Statistical Analysis

Our experimental setup consisted of time series measurements of individual tree. The individual
trees were grouped by different control and treatment plots. Consequently, the analysis was based on
nested data. To consider this nesting, we applied linear mixed effect models (lmer) from the package
lme4 [56]. The random effects b are the individual tree, with the index i, the plot with the index j
and the year abbreviated with the index k. t represents the measurement at which we used the daily
maximum value for zero growth (ZGmax) and the daily minimum value for the tree water deficit
(TWDmin). ε always represents the residual error of the respective models.

To answer the question of whether the TWDmin at the various tree compartments is able to reflect
drought stress, we examined the relationship between the TWDmin and LWPpre at the three different
measurement positions. We pooled both years (2014 and 2015) into the same dataset for the analysis.

We applied linear mixed models in a logarithmic form (Equation (1)):

ln (TWDmin)i jkt = β0 + β1· ln
(
LWPpreijt

)
+ bi + bj + bk + εi jkt (1)

The applied logarithm led to a significantly better fitting of the data and considered the non-linear
course of the analyzed relationship. The logarithm of the negative TWDmin values was enabled
through a transformation by multiplying by −1. For the depiction, we adapted only the y-axis to
negative values. All models where fitted species-specific for a straightforward interpretation.

To show how growth allocation or the TWDmin react between the three tree compartments under
drought conditions, we examined the difference (Di f f ) of ZGmax and TWDmin at a measurement
position above to the measurement position below (H50–BH and BH–Root). A value above zero would
mean that the upper tree compartment profits, and a value below zero would indicate that the lower
tree compartment had a higher growth. We chose to use the difference instead of the ratio because,
when using the ratio, meaningful but very low TWDmin or ZGmax values in one compartment can
lead to immoderate and meaningless outliers in the analysis.

The resulting difference value of the upper and lower measurements served as the independent
variable. Because TWDmin and especially the ZGmax increase over the growing season, the difference
between upper and lower compartments (lowComp) can be higher at the end of the growing period
than at the beginning. Therefore, we always related the difference to the respective measurement of
the lower compartment.

To show how mixture and drought treatment influence the growth allocation or TWDmin pattern
of the upper and lower compartments, linear mixed models were applied. Mixture (Mix) and treatment
(Treat) were included as fixed effects in a model (Equation (2)):

Di f fi jkt = β0 + β1·lowCompijt + β2·Mix·lowCompijt + β3·lowCompijt·Treat

+β4·lowCompijt·Mix·Treat + bi + bj + bk + εi jkt
(2)

The significances of the fixed effects of the linear mixed models were tested by an F test with
Satterthwaite’s approximation ([57], R package lmerTest). To consider the large number of measurements
points, we also calculated the conditional coefficient of determination (R2) for the mixed-effect models
with the command r.squaredGLMM from the MuMln package. Additionally, the quality of the
models was checked using the root mean square error (RMSE). All analyses were performed with
R version 3.2.3 [58].
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3. Results

3.1. Temperature and Precipitation in 2014 and 2015

There are clear differences in temperature and precipitation between the analyzed years 2014 and
2015 in the growing season (Figure 2a,b). The air temperature in 2015 was 1.1 ◦C above the average
from 2001 to 2015 [59]. Compared to the year 2014, the summer months of the year 2015 had a higher
number of days without rainfall or with low rainfall and simultaneously higher temperatures and
higher vapor pressure deficits (VPDs).

Figure 2. Monthly precipitation sums and daily mean temperature values (a,b, above) and daily vapor
pressure deficit (VPD) (a,b, below) in the growing season (April–September) of the years 2014 and 2015.

3.2. Leaf Water Potentials

Comparing the midday water potentials (LWPmid) for the years 2014 and 2015, the LWPmid
were significantly more negative for beech trees than for spruce trees (Supplementary Materials,
Figure S1a–d, p < 0.001). Furthermore, we found significant differences between the trees of the drought
treatment and control plots (Supplementary Materials, Table S3, p < 0.01), and the predawn water
potentials (LWPpre) revealed clearer differences (p < 0.001) compared to LWPmid (Supplementary
Materials, Figure S2a–d). The effect of the drought treatment was observable through more negative
LWPpre compared to the control plots (Figure S3). No differences were observable between trees in
intra- and interspecific neighborhoods.

3.3. Zero Growth and Tree Water Deficit

To determine growth and TWDmin, we separated the growth from the daily shrinking and
swelling. Figure 3 provides an overview of the data (intra- and interspecific neighborhoods are shown
in Figure S4, Supplementary Materials). Spruce trees had a higher diameter increment compared to
beech trees in 2014 at all three measuring positions (H50, BH, and roots). The diameter increment of the
spruce trees was smaller for the dry year 2015 compared to the year 2014. In beech, by contrast, relevant
growth reduction of the trees could not be observed in 2015 compared to 2014. Drought-treated beech
trees even showed higher growth in BH and the roots in 2015.
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Figure 3. Mean TWDmin and zero growth (growth without the water signal) referring to the stem/root
basal area (mm2) for the years 2014 (left) and 2015 (right) for spruce (red) and beech (blue) at the
control (thick line) and treatment (thin line) plots at 50% tree height (a–d), breast height (BH, e–h),
and roots (i–l). Shaded regions are confidence intervals. Data are shown for the growing season.

Comparing the daily TWDmin of the growing season in 2014 and 2015, the effect of the drought
year 2015 was observable in the intense shrinking in the summer months (DOY 152–243) (Figure 3d,h,l).
Furthermore, there was a high shrinkage phase at H50 in 2014 for spruce trees (possibly through an
adaptation reaction at the beginning of the drought treatment). The treatment plots indicated a more
distinct stem shrinkage compared with the control plots for both years. Species-specific differences
can also be seen in the magnitudes of the daily TWD. Spruce trees revealed more distinct stem water
changes than beech trees (see daily values of TWD in Figure 3c,d,g,h,k,l). Overall, the stem shrinkage
was highest at H50 and roots compared to BH.
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3.4. Relationship between Tree Water Deficits and Water Potentials at Different Tree Heights

The TWDmin values were more negative when the LWPpre became more negative at the stem
(BH, H50) and the roots (Figure 4a–c). Spruce trees revealed a higher TWDmin than beech trees at all
positions. The r-squared (R2) of the different models ranged between 0.38 and 0.73. The relationship
was significant for both species and all positions (p < 0.001, Table 2). The TWDmin was highest in the
crown, but the roots also showed high fluctuations when LWPpre reached −1.2 MPa.

Figure 4. Relationship between TWDmin and predawn water potential (LWPpre) for spruce (red, black
triangles) and beech (blue, light grey circles) trees for 50% tree height (a), breast height (b), and roots (c)
(R2 and significance levels based on models from Table 2; *** p < 0.001).

Table 2. Parameter estimates and statistics for the logarithmized relationship of the tree water deficit
minimum (TWDmin) and the predawn water potential (LWPpre) at three different tree heights (50% tree
height (H50), breast height (BH), and roots). All measurements of the TWDmin referred to the stem/root
basal area (mm2). The dependent variables are in the columns. Rows show the output of the model
with the fixed variables (N: number of LWPpre and TWDmin measurements). Significance level:
*** p < 0.001.

log(TWDmin)

H50 BH Root

Species N. Spruce E. Beech N. Spruce E. Beech N. Spruce E. Beech

Intercept 4.995 *** 2.876 *** 4.786 *** 3.071 *** 3.412 *** 3.317 ***
log(LWPpre) 1.081 *** 0.501 *** 0.760 *** 0.563 *** 2.804 *** 1.292 ***

R2 0.46 0.61 0.42 0.58 0.73 0.38
RMSE 126.93 6.17 50.40 7.93 112.27 44.47

N 138 79 144 134 138 140

3.5. Stem and Root Growth and TWDmin in Different Tree Compartments

How the allocation was oriented under control or treatment and inter- or intraspecific neighborhoods
is illustrated in Figures 5 and 6. On the y-axis, the difference between BH and H50 or BH and the roots
is given for the zero growth (panel above) or TWDmin (panel below). On the x-axis, the basal area
growth or TWDmin of the respective lower tree compartment is given (BH, Figure 5 or roots, Figure 6).
The x-axis of ZGmax is also a proxy for time within the growing period, while the x-axis of TWDmin
is a proxy for increasing drought stress which was happening in the middle of the growing period.
The significances of the respective linear mixed-effect models are summarized in Table 3.
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The model quality can be check in the data provided in Supplementary Materials Figures S5–S12.
All in all, the fitted linear regressions show good relationships between observed to predicted values
(Figures S5–S12a,b). There was a strong overlapping within the data, especially close to the regression
lines, which resulted in high model performances of the p-value and R2. We revealed the overlapping
close to the regression lines by hexagon density plots (Figures 5 and 6) and histograms of the residuals
(see Supplementary Materials Figures S5–S12c). The model output was nearly normally distributed,
which can be seen in the QQ-plots of the residuals (Figures S5–S12e). The deviation of the residuals
from normal distribution was under 5%. Nevertheless, we checked these points very carefully to be
sure that these outliers did come from measurement inconsistencies.

Figure 5. Relationship of growth (ZGmax) (a,b) and the tree water deficit (TWDmin) (c,d) represented
by the difference of the measurements at 50% tree height (H50) and breast height (BH), dependent on
the breast height measurement. Values below the zero line mean a growth allocation into the lower stem
compartment at breast height. For the TWDmin, the negative values represent a lower tree water deficit
at breast height. Linear mixed models depict how strongly the allocation was influenced by drought
treatment (thick line—control, thin line—treatment) or mixture (intraspecific neighborhood—straight
line, interspecific neighborhood—dashed line). The respective models are shown in Table 3.

192



Forests 2019, 10, 577

Figure 6. Relationship of growth (ZGmax) (a,b) and the tree water deficit (TWDmin) (c,d) represented
by the difference of the measurements at breast height (BH) and at the roots, dependent on the root
measurements. Values below the zero line mean a growth allocation into the roots. For the TWDmin,
the negative values represent a lower tree water deficit in the roots. Linear mixed models depict how
strongly the allocation is influenced by drought treatment (thick line—control, thin line—treatment)
or mixture (intraspecific neighborhood—straight line, interspecific neighborhood—dashed line).
The respective models are shown in Table 3.

In general, the interaction of treatment and mixture with the lower tree compartment (x-axis) was
significant, except for beech trees in some cases. The interpretation of the influence of treatment and
mixture always refers to their dependency on the lower tree compartment. We subsequently looked at
this interaction or rather the orientation and position of the control to treatment curves (or intra- to
interspecific curves).

The x-axis showed an increasing basal area increment over time within the growing season.
We found that the growth in BH was always higher, except for at the beginning of the growing season,
where growth in H50 was higher. The tree appears to invest in the upper trunk (H50) at the beginning
of the growing season and then more in the BH (Figure 5a,b, Table 3(a),(b)). In the following, we first
describe the ZG of spruce, followed by that of beech, and then the TWD of both species.

Treated intraspecific spruce trees showed a tendency to grow more in H50 as interspecific spruces
of the control plots (Figure 5a, Table 3). Beech trees at the control plots showed an increasing increment
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of the upper stem, whereas beeches of the treatment plots revealed a higher growth in BH than
in H50 (Figure 5b, Table 3(b)). A tendency of a higher TWD in H50 could be found for spruces
in interspecific neighborhoods (control and treatment plots) compared to the intraspecific spruces
(Figure 5c, Table 3(c)). The same pattern could be observed for beech trees (Figure 5d, Table 3(d)).

Overall, spruce trees showed a higher root growth than beech trees. Spruces in interspecific
neighborhoods showed a higher tendency to root growth than in intraspecific neighborhoods (Figure 6a,
Table 3(e)). In contrast, beech tress in intraspecific neighborhoods had a higher increment in the roots
than in BH compared to beeches in interspecific neighborhood (Figure 6b, Table 3(f)). The TWD
was higher in the roots for both species. Spruce trees of the treatment plots and in intraspecific
neighborhoods had the highest TWD in the roots (Figure 6c, Table 3(g)). For beech trees in intra- and
interspecific neighborhoods, no differences could be found (Figure 6d, Table 3(h)).

Table 3. Parameter estimates and statistics for the diameter growth (ZGmax) and tree water deficit
(TWDmin) of the 50% tree height (H50) and stem at breast height (BH) from Figure 5 and stem at
breast height (BH) and root from Figure 6, dependent on drought (treat) and species mixing (mixture).
The dependent variables are in the columns. Rows show the output of the model with the fixed variables
(N: number of measurements). Significance levels: *** p < 0.001; ** p < 0.01; * p < 0.05; (*) p < 0.1.

Position H50–BH BH–Root

ZGmax/TWDmin ZGmax TWDmin ZGmax TWDmin

Art
(a) (b) (c) (d) (e) (f) (g) (h)

N. Spruce E. Beech N. Spruce E. Beech N. Spruce E. Beech N. Spruce E. Beech

Intercept 100.961 *** 59.753 * 62.534 ** 2.908 (*) 235.5 ** 149.09 ** 53.718 *** 13.17 ***
BH −0.481 *** −0.408 *** −0.468 *** −0.463 ***

Treat × BH −0.075 *** −0.109 *** 0.037 −0.028 (*)
Mixture × BH −0.173 *** 0.01 0.148 ** 0.18 ***

Mixture × Treat × BH 0.243 *** −0.001 0.209 ** 0.026
Root −0.279 *** 2.63 *** −0.796 *** −0.992 ***

Treat × Root 0.241 *** −2.257 *** 0.258 *** 0.048 ***
Mixture × Root 0.347 *** −2.398 *** 0.161 *** 0.001

Mixture × Treat × Root −0.23 *** 2.338 *** 0.155 *** −0.011
R2 0.95 0.94 0.56 0.77 0.73 0.67 0.81 0.94

RMSE 69.6 49.9 59.9 4.2 182.1 194.8 42.9 9.6
N 7924 4866 7924 4866 8290 7940 8290 7940

4. Discussion

4.1. Relationship between Tree Water Deficit and Leaf Water Potential

We found a strong relationship between TWDmin and LWP for both species at the three tree
positions (H50, BH, roots). Furthermore, the high-resolution TWD measurements could show the
differences between intra- and interspecific neighborhoods clearer compared to the LWP. The LWP
showed no significant differences between intra- and interspecific spruce and beech trees, but the
effect of the drought treatment could be shown compared to the trees of the control plots. Spruce
trees, as a more drought sensible tree species, showed the expected higher LWP compared to the more
drought resistant beech trees.

We found the best match for TWDmin and LWPpre, but the relationship between TWDmin and
LWPmid was also significant. The study of Remorini and Massai (2003) [60] confirmed that the LWPpre
is a better tree water status indicator than LWPmid.

Early dendrometer studies, such as Cohen et al. (2001) [61], focused on the maximum daily
shrinkage and compared the data with the water potential at midday and predawn. The Cohen
study shows the link between maximum daily stem shrinkage (MDS) and predawn and midday LWP.
The MDS was closely related to the predawn and midday water potential, similar to the present study.
A more recent study by Dietrich et al. (2018) [15] showed the relationship between TWD and LWP
of different tree species, which included Norway spruce and European beech. It was illustrated that
the daily TWD displayed the tree water status better than the maximum daily shrinkage, in which
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the stem water signal was not separated from the growth signal. Particularly under dry conditions,
the TWD was a consistent proxy for the tree water status of tall trees.

The temporal and spatial patterns of stem radius variations of Norway spruces were determined
in Zweifel and Häsler (2001) [62]. As in the present study, they found similar but not identical dynamics
of stem and root radius fluctuations at different heights (along the stem at 6, 10, 14, 18 m above ground
and on roots). There were differences in the heights of the curves (amplitudes) at different tree heights
and there was a time lag between the tree compartments. In the present study, the time offset was not
investigated and could be an option for further investigations.

Similar to our study, Zweifel and Häsler (2001) [62] found the greatest fluctuations in the upper
stem part, within the crown, due to the proximity to the tree crown and thus transpiration [63], next to
the roots which also showed high radius fluctuations as in the present study. High root basal area
variations could be caused by a high aridity, as in the drought experiment and the very dry year
2015. Hinckley et al. (1978) [64] stated that the water potential differences between the crown and the
soil increases the water movement within the tree, and thus, increases the water movement from the
internal stored water in the bark. The water storages near the crown can be reached faster than water
storages from the soil due to the more negative leaf water potential than the root water potential. Thus,
diurnal water potential fluctuations are larger in the branches than the roots, leading to larger daily
shrinkage in the branches.

In the present study, the relationship between TWD and LWP could be illustrated at the stem
(at H50, BH) and at the roots. This is in line with the first hypothesis that the stem basal area variations
and the leaf water potential show a positive relationship at the different tree heights.

4.2. Root and Stem Growth and TWDmin in Different Tree Heights

The applied method—the difference between upper and lower tree compartments in relation to
the lower tree compartment—led to a visible deviation of the measured TWDmin and ZGmax at the
different tree compartments. We are aware that the results have to be interpreted with caution due
to the included variation. Nevertheless, the applied models considering the offset of the individual
trees showed significant relationships. Within our approach, we followed the principle of parsimony,
with linear relationships and as few parameters as possible. Also, the R2 and the RMSE provided
evidence for a high model explanatory power. The QQ-plots showed us that there were only a few
outliers and we checked them carefully to avoid any inconsistencies in our measurements.

We found that the trees invested more in the basal area growth of the upper stem (H50) at the
beginning of the growing season. Later in the season, growth investment shifted increasingly to the
lower stem (BH). An explanation for this might be the theory of the seasonal distribution of the growth
hormone auxin. In spring, it is produced in the apical meristem and transported down to the stem in
the phloem of the tree [65,66]. In this way, the strength of radial growth shifts from the top to stem base.
During the growing period, the growth of spruce and beech trees were favored in BH than in H50.
Beech trees at the control plots showed a tendency of a higher growth in H50 than in BH compared to
trees of the drought treatment.

We also found that TWDmin was higher in the upper stem (H50) than in the lower stem (BH), but
with an increasing stem shrinkage, the shrinkage in BH was higher. The dendrometer position at H50
was near the crown and more water reserves could be used for transpiration [63]. With increasing water
stress, the water storage pools in H50 are possibly exhausted and more water reserves of the storage
pool in BH are used. This could be related to the higher diameter growth at BH compared to H50
due to the lesser shrinkage and accordingly higher cell turgor which is important for cell expansion.
Zweifel et al. (2016) [51] stated that periods of stem shrinkage allow for very little growth. In addition,
Van der Maaten–Theunissen and Bouriaud (2012) [67] revealed a reduced growth of Norway spruce
at all stem heights during summer drought in southwestern Germany with the greatest reduction in
growth at breast height.
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For beech trees, the diameter increments were higher at BH. Despite this, the TWDmin was also
higher at BH than at H50. Overall, the TWD was less pronounced for beech trees than for spruce trees.
This could be also observed at the LWP and this could be due to the higher resistance of beech trees
to drought [14,42]. Beech trees have an anisohydric character and continue growing and transpiring
under dry conditions in contrast to spruce trees. Furthermore, spruce and beech trees have different
rooting systems [43]. Beech trees have a deeper rooting system than spruce trees and can reach water
from deeper soil horizons, which may reduce the use of water from the storage tissue. Spruce trees as
an isohydric tree species respond with a reduced stomatal conductance under drought stress, and thus
reduced transpiration, which in turn reduces growth [29,68].

Furthermore, spruce and beech trees revealed a higher growth at BH than at the roots and a higher
TWDmin in the roots. The roots are affected by drought conditions through the lack of soil water supply
and more water from the storage tissue in the roots could be used to maintain the transpiration process.
In addition, the growth differences shifted more to the roots for beech in intraspecific neighborhoods
and for spruce trees in interspecific neighborhoods. More root growth could imply more water stress,
which is explained in McCarthy and Enquist (2007) [31] and Ledo et al. (2018) [69]. The resource supply
of plants is determined by the shape of the rooting system, the shape of the tree crown, site conditions,
and proximity to other trees [39,70–72]. Depending on the prevailing conditions, biomass is allocated
differently in the compartments of the tree (crown, stem, and root). The optimal partitioning theory of
McCarthy and Enquist (2007) [31] indicates that a limited resource leads to a promotion of growth of
the plant organ that receives this resource (roots). Our findings about the allometric relationships for
growth—endorsed by the TWDmin results—support optimal partitioning theory and are consistent
with the findings of other studies [73–75].

In contrast, Schall et al. (2012) [76] found a significant increase of the percentage of belowground
compartments for beech seedlings but not for spruce seedlings. When considering the TWDmin of
beech trees, no significant differences between control and drought treatment were obvious. Thus,
the second hypothesis that the relationship between growth response and the respective TWD is the
same at the three different positions H50, BH, and root could be confirmed for spruce trees and for
beech trees at the BH–root consideration. Spruces showed a higher growth in BH with a shift to root
growth with increasing increment and time at the control and treatment plots and the TWD was
respectively higher in the roots.

4.3. Differences in Intra- and Interspecific Neighborhoods

Many studies have pointed out that species mixture can have positive effects on the biodiversity [77],
productivity [78], and soil fertility [79] of the whole system and that these effects depend on which
species are mixed. Spruce and beech trees have different physiological and morphological traits [43,80].
Pretzsch (2014) [80] stated that plasticity in crown and root architecture appears to be the key to
understanding effects of mixed system productivity.

Our investigations showed differences in inter- and intraspecific neighborhoods under drought
conditions when considering TWDmin and the root growth. For spruce trees, the stem basal area
growth (H50–BH) at BH was highest in intraspecific neighborhood at the control plots. The TWDmin
showed a similar pattern and was highest in intraspecific neighborhood at BH. The BH–root comparison
indicated a higher growth in BH for spruces in intraspecific neighborhoods compared to the interspecific
neighborhoods. The TWD of spruces was in interspecific neighborhoods lesser than in intraspecific
neighborhoods at the control and treatment plots at the roots. An explanation for this pattern could
be that the growth is influenced by several factors (e.g., soil characteristics, nutrient supply, light) in
addition to water availability [33,81]. The TWDmin reflects the water status of the tree. Therefore,
spruces are facilitated in an interspecific neighborhood in terms of the tree water status under increasing
drought, but not for stem radius growth. Nevertheless, the stem radius growth could be influenced
under extreme drought conditions due to the higher TWDmin. A lesser TWDmin in the roots supported
growth and offers the opportunity to reach more water resources in deeper soil horizons. Spruce

196



Forests 2019, 10, 577

trees, with their mainly shallow rooting systems and only few sinker roots have limited access to
deeper soil water resources. Therefore, spruces use more water reserves from the storage tissue within
one day. In addition, Bolte and Villanueva (2006) [43] found that beech trees in a neighborhood with
spruce trees rooted in deeper soil horizons than in intraspecific neighborhood. That can be a reason
for the higher growth of beeches in interspecific neighborhoods in BH than in the roots compared to
the intraspecific neighborhoods. Spruce trees may benefit from this favorable characteristic through
the effect of hydraulic lift [82–84]. Hydraulic lift is the passive movement of water from moist to
dry soil horizons by plant root systems. Usually at night when transpiration has ceased, water is
released from the roots into the upper soil horizon [82]. Beech trees can redistribute water from
deeper to shallower soil horizons with their rooting systems. The reallocated water in the dryer soil
layers can be used by beech trees as well as by the surrounding spruce trees [83]. This could be an
explanation for the lower TWD of spruce trees in the interspecific neighborhood compared to spruces
in the intraspecific neighborhood.

In contrast, the effect of drought treatment and control on the TWD of beeches was not significant.
In several studies, positive reactions of mixed beech trees have been detected [39,43,85], but we did not
find this positive interaction.

Thus, the third hypothesis that an interspecific neighborhood with beech trees facilitates spruce
trees under drought stress could be confirmed for the water status of spruce trees, but not for the
radius growth.

5. Conclusions

The present study is one of the first to investigate changing growth at different tree compartments
within a single year and with the help of TWDmin and ZGmax.

We found a relationship between the TWDmin and leaf water potentials at the three investigated
tree compartments for spruce and beech. This confirms that dendrometer measurements are a good
tool for drought stress analyses at different tree compartments. The dendrometer measurements
were much easier to handle than the water potential measurements and they were able to provide
water status information within a timely and high-resolution manner throughout the whole year.
However, the relationship between TWDmin and leaf water potentials included a deviation. Additional
measurements, like phloem thickness, might improve the understanding of the relationship among
both parameters.

With our investigation of growth and TWDmin in 2014 and 2015, we showed the growth pattern
and compared it with the TWDmin pattern. Nevertheless, several studies have shown that the
biomass allocation of a plant changes across the life course. Therefore, it is important to extend the
measurements and to also include a tree’s juvenile and senescence stages.

Surprisingly, for spruce trees we found that an interspecific neighborhood resulted in a higher
root growth and a lesser TWD in the roots than in BH. Beech trees were less affected by drought and
showed a higher growth in BH in an interspecific than in an interspecific neighborhood compared to
the roots. The TWDmin could showed the effect of neighborhood better than the LWP measurements.
The LWP measurements showed no significant differences in intra- and interspecific neighborhoods.

To answer the question of whether spruce benefited from the mixture with beech under drought
conditions, we considered the TWDmin and concluded that the mixture of beech could reduce the
drought stress for spruce under future climatic warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/7/577/s1,
Figure S1: Mean water potential at midday for the years 2014 (left) and 2015 (right) for spruce trees in intra- and
interspecific neighborhoods at the control and treatment plots (a,b) and for beech trees in intra- and interspecific
neighborhoods at the control and treatment plots (c,d). Data is shown for the growing season, Figure S2: Mean
predawn water potential for the years 2014 (left) and 2015 (right) for spruce trees in intra- and interspecific
neighborhoods at the control and treatment plots (a,b) and for beech trees in intra- and interspecific neighborhoods
at the control and treatment plots (c,d). Data is shown for the growing season, Figure S3: Mean predawn water
potential for the years 2014 and 2015 for spruce trees in intra- and interspecific neighborhoods at the control and
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treatment plots (a) and for beech trees in intra- and interspecific neighborhoods at the control and treatment
plots (b). Data is shown for the growing season, Figure S4: Mean TWDmin and zero growth (growth without
the water signal) referring to the stem/root basal area (mm2) for the years 2014 (left) and 2015 (right) for spruce
(red) and beech (blue) in intraspecific (solid line) and interspecific (dashed line) neighborhoods at 50% tree height
(a–d), breast height (BH, e–h) and the roots (i–l). Shaded regions are conficence intervals. Data are shown for
the growing season, Figure S5: N. spruce ZG H50-BH. Model critism plots for the linear mixed effect models
in Table 3 and Figures 5 and 6. The models critism plots are in the same order. Description of the single plots
within each Figure: (a) plot of the outermost fitted values against the observed values of the response variable;
(b) plot of the innermost fitted values against the innermost Pearson residuals; (c) histogram of the innermost
residuals; (d) QQ-plot of the estimated random effects; (e) QQ-plot of the Pearson residual; (f) notched boxplot of
the innermost Pearson residuals by the grouping variables plot:indivudal tree:year; (g) scatterplot of the variance
of the Pearson residuals within the grouping variables, Figure S6: E. beech ZG H50-BH, Figure S7: N. spruce
TWD H50-BH, Figure S8: E. beech TWD H50-BH, Figure S9: N. spruce ZG BH-Root, Figure S10: E. beech ZG
BH-Root, Figure S11: N. spruce TWD BH-Root, Figure S12: E. beech TWD BH-Root. Table S1: Characteristics
of the individual spruce (n = 24) and beech trees (n = 24), seperated by plot (n = 12, overall 48 trees), drought
treatment (6 plots, 24 trees)/control (6 plots, 24 trees) and intra- and interspecific neighborhoods (six control plots
and six treatment plots with respectively six intraspecific beech trees; six interspecific beech trees; six intraspecific
spruce trees; six interspecific spruce trees) for the year 2014 (DBH: diameter at 1.3 m breast height), Table S2:
Coefficient of determination (R2) of TWDmin (tree water deficit, daily minimum), LWPpre (water potential at
predawn) and of TWDmax (tree water deficit, daily maximum) and LWPmid (water potential at midday). The R2

based on the relationship between leaf water potential (LWP) and tree water deficit (TWD) at the three different
tree heights (H50, BH, Root). The respective models based on Equation (1). The last two rows contain the means of
both species and of all tree heights, Table S3: Parameter estimates and statistics for the water potential at midday
and predawn dependent on species and drought treatment. Standard deviations are in brackets. The dependent
variables are in the columns. Rows show the output of the model with the fixed variables. Significance levels:
***, p < 0.001; **, 0.01; *, 0.05; (*), 0.1.
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