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Changes in the environment will alter the growth rate of trees and forests. Different
disciplines assess such growth rates differently, for example, with tree-ring width
data, forest inventories or with carbon-flux data from eddy covariance towers. Such
data is used to quantify forests biomass increment, forest’s carbon sequestration
or to reconstruct environmental variables before instrumental records. However, raw
measurement data is typically not considered to be representative for the average
growth rate of trees or forests. Depending on the research question, the effects of
certain environmental variables or effects of tree and forest structure have to be
removed first. It can be challenging to define and quantify a growth trend that can
answer a specific research question because trees and forests grow and respond
to environmental change in multiple ways simultaneously, for example, with altered
radial increment, height growth, and stand density. Further challenges pose time-lagged
feedback loops, for example, between height and radial increment or between stand
density and radial increment. Generally, different environments will lead to different
tree and forest structures, but because of tree’s longevity this adaptation to the new
environment will take decades or even centuries. Consequently, there can be an offset
between the present forest structure and what we term the potential natural forest (PNF):
Similar to the potential natural vegetation (PNV), the PNF represents that forest that
would develop under the current environmental conditions in the absence of human
intervention. Because growth rates are affected by the tree and forest structure, growth-
trend estimates will differ between the present and the potential forest. Consequently, if
the legacy effects of the past are not of interest, the PNF is the theoretical baseline to
correct and estimate growth trends.

Keywords: forest growth-trends, potential natural vegetation, tree-rings, forest inventory, eddy covariance, stand
density, carbon allocation, sample bias

INTRODUCTION TO GROWTH TRENDS

Understanding growth trends of trees and forest ecosystems is important because of their role
in the global carbon and water cycles, because these growth trends determine the sustainable
wood production in forestry, and because they are related to past growing conditions and thus
climate reconstructions.
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Tree growth depends on environmental variables like climate,
soil, and atmospheric composition. Thus, different environments
correspond to different growth rates of trees and forests.
Each change in an environmental variable can potentially alter
growth rates, for example, changes in temperature, precipitation,
competition, or atmospheric CO2. Generally, estimating growth
trends can become quite complicated because trees and forests
are complex adaptive systems – CAS (Levin et al., 2013; Filotas
et al., 2014; Puettmann et al., 2016). Environmental change
has different effects on radial increment, height growth, and
stand density, while all of these variables also affect each other
in feedback loops.

Most people have an intuitive understanding of the term
“growth trend,” but due to potential misunderstandings some
clarification is provided here: First, the terms “trend” and “rate”
have to be distinguished. “Rates” generally describe the change
of a variable over a fixed time period. For example, speed is the
change in location over time and can be measured in meters
per second. Similarly, growth rates are a change in size or
weight over time, for example, the wood volume increment of
a tree in one year. In contrast, a “growth trend” is the rate
of a rate: Just like a car can accelerate/break (measured in
m/s2), a growth rate can speed up or slow down. In case of
wood volume, it could be measured in m3/a2 (cubic meters per
squared year). Squared time is not intuitively understood by
many, thus when reporting growth trends typically growth-rate
time-series are plotted, where the slope represents the growth
trend. Figure 1 shows various types of growth rates and trends
that are frequently used in various disciplines that study tree
and forest growth.

Second, the time scale at which growth trends are analyzed
matters. Mostly, growth trends in forests refer to decadal
or longer periods while growth-rate differences between two
successive years (high-frequency variability) are typically not
referred to as trend. Though, technically, even this difference is
a trend. Importantly, a growth trend does not say anything about
the magnitude of the growth rate.

Third, it has to be clarified which growth-rate variable is
changing, i.e., shows a trend. Different disciplines use different
variables or dimensions of tree and forest growth, for example,
average annual tree-ring width, annual wood-volume increment
per hectare or annual carbon exchange per hectare (Randerson
et al., 2002). It is sometimes assumed that there is a fixed
functional relationship between these different variables, but as
outlined later, such relationships can change.

Finally, raw growth-rate measurements like tree-ring width
or forest inventory measurements typically have to be processed
in some way. This is because many variables affect tree growth
but the cumulative effect of all variables combined does not
necessary answer each research question. For example, one has
to remove the effects of tree size/age to quantify the effects of
environmental change on tree growth. In dendrochronology, this
raw data processing is particularly prominent and known as
detrending (Cook and Kairiukstis, 1990; Melvin, 2004; Melvin
and Briffa, 2008). Detrending methods, which are related to
tree and forest-growth models, frequently spark controversies
and discussions.

FIGURE 1 | Various types of idealized growth rates show how different tree
and forests parameters change with age and stem diameter. Different colors
represent better (yellow) or worse (purple) growth conditions. Different
disciplines use different growth-rate types to explore trends, for example,
changes in stem diameter or basal area (A–D), changes in tree height at a
given age (yield tables in forestry: E,F), self-thinning lines (I–L), and
tree-biomass or wood volume increment (G,H,M,N).

In this article, we summarize studies that showed how tree’s
and forests respond to environmental change in multiple ways
simultaneously, for example, with altered radial increment,
height-diameter ratio, stand density, and wood density. Based
on these findings from past studies, we argue that growth trend
estimates could be biased when only looking at one dimension
of tree and forest growth (e.g., radial increment, but not stand
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density) and when trees and forests had no time to adapt to
the new environmental conditions. To avoid or at least discuss
potential biases in growth-trend estimates in future studies we
propose the concept of the potential natural forest (PNF), which
is that forest that would develop without human intervention
under the respective environmental conditions. We argue that the
growth rates of this PNF can differ from the growth rates of the
present forest, which is not (yet) adapted to the new environment.

CONTROVERSIES AROUND GROWTH
TRENDS

Past studies on growth trends frequently sprouted controversies.
Typically, the processing of the raw data is criticized and
it is argued that the effect of one variable or another has
not been accounted for sufficiently and the reported growth
trend is thus biased.

For example, van der Sleen et al. (2015) report no growth
stimulation by rising CO2-levels in the atmosphere, while
Brienen et al. (2016) assume this result to be biased by
recruitment waves and changing age/size distributions. In
another case, Scharnweber et al. (2019) show that reconstructions
of past climate in northern central Europe, based on tree rings,
are likely biased due to a fertilizing effect of atmospheric nitrogen
deposition. Nitrogen deposition essentially result in higher
growth rates under similar climatic conditions. Comparable
nitrogen fertilization effects were reported for North America
(Ibáñez et al., 2018). Further, for white spruce in Alaska,
various studies have reported an increase in drought sensitivity
(Barber et al., 2000; Beck et al., 2011). This was derived from
simple correlation analyses of radial growth with precipitation
or drought indices, which often show higher values over the last
decades (D’Arrigo et al., 2008). Because of that, it was typically
assumed that white spruce would show reduced growth under a
drier climate. In contrast to the studies assuming reduced white
spruce growth under warmer and drier climate, Sullivan et al.
(2017) reported only limited evidence for such a negative growth
trend. While they applied state of the art data “detrending”
[“signal-free methodology,” (Melvin and Briffa, 2008, 2014)],
uncertainties still remain because of potentially huge sample
biases (Duchesne et al., 2019), which even the best data processing
cannot yet quantify: Even when selecting a representative sample
of trees in a population at one point in time (Nehrbass-Ahles
et al., 2014; Xu et al., 2019), growth trends could still be biased.
This is because fast growing trees typically die at a younger
age. In the earliest years of a tree-ring chronology, only slow
growing trees are thus left, which is known as the “slow-grower
survivorship bias” (Brienen et al., 2012, 2016; Bowman et al.,
2013; Alexander et al., 2018).

These examples show the effects of the tree-size distribution,
atmospheric nitrogen deposition or sample biases on growth-
trend estimates. Besides these three examples, there are many
more factors which drive forest growth, illustrating how difficult
it can be to quantify growth trends. Generally, (conceptual) tree
or forest growth models are deployed to disentangle which and
how each variable affects tree and forest growth.

DEFINING GROWTH TRENDS BASED ON
GROWTH MODELS

Definitions of growth trends are always based on a growth-rate
model, even when not stated explicitly. As the controversies
in the last section showed, biases and errors are typically
caused by the effect of variables that were not considered in
these models adequately. Thus, definitions of growth trends
must center around the question how environmental variables,
tree dimensions and forest structure affect different kinds
of growth rates. The importance of various growth drivers
can vary in space and time, while models ideally describe
growth based in all possible environments, but see Wilmking
et al. (2017) for a detailed discussion on this topic and the
Uniformitarian Principle.

Tree-Ring Model (Radial Growth)
One simplified model is the “Conceptual Linear Aggregate
Model for Tree Rings” (Fritts and Swetnam, 1989; Cook and
Kairiukstis, 1990), which describes the growth rate (R = tree-
ring width) as a function of the input variables tree size (A),
climate (C), endogenous and exogenous disturbances (δD1, δD2),
anthropogenic pollutants (P), as well as an error term (E). It was
modified by King et al. (2013) to include genetic effects (g).

Rt = f
(
g1At, g2Ct, g3δD1t, g4δD2t, P,Et

)
(1)

Raw growth-rate measurements thus represent the cumulative
effect of many variables. Quantifying a specific type of growth rate
means to select a subset of variables and to remove the effect of all
other variables from the raw measurements. For example, if only
the effect of climate on tree-ring width (Rclimate) is of interest,
the effects caused by all other variables, like tree size, must be
accounted for.

Rclimate = Rt − f
(
g1At, g3δD1t, g4δD2t, P,Et

)
(2)

In some cases, the effects of certain variables do not need to
be quantified or removed. This is because in contrast to growth
rates, growth trends typically only concern decadal or longer time
scales. Thus, as long as a variable is normally distributed and
shows no trend in time (Figures 2A,B) it only adds noise to a
growth-rate estimate, but it should not bias the growth trend
(Figure 2C). Of course, higher noise will make small growth
trends harder to detect and it is thus preferable to quantify each
effect if possible.

Tree Growth Model (Radial and Height
Growth)
While the Eq. 1 aims to estimate radial tree growth, other
models aim to predict wood volume, wood biomass increment,
or the amount of carbon sequestered. For example, the annual
increment in woody aboveground tree-biomass (1BMtree) can
be calculated from the respective biomass difference in two
successive years. Tree aboveground biomass in one year (BMtree)
can be calculated as a function of tree diameter (or basal area,
both via tree-ring width), tree height, a form factor (F), that
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FIGURE 2 | Variable’s effect on tree growth can either be (A) significant with no trend in time, (B) insignificant, (C) significant with a trend in time. Effects like in (C)
always have to be accounted for when estimating growth trends. While effects like (A,B) might be ignored.

accounts for the (idealized) conical shape of a stem, and wood
density (ρ):

1BMtree =
(
πr2

t htFtρt
)
−

(
πr2

t−1ht−1Ft−1ρt−1
)
=

f
(
1r, 1h, 1F, 1ρ

)
(3)

Assuming that carbon makes up∼50% of the woody biomass, the
respective amount of carbon can be calculated my multiplying
1BMtree with 0.5.

Forest Growth Model
The forest’s above ground standing biomass per area (1BMforest)
can be calculated as the product of the average biomass of a tree
(BMtree) and the stand density (N, number of trees per area). The
change in forest biomass between (1BMforest) two points in time
describes the respective growth rate.

1BMforest,t =
(
NtBMtree,t

)
−

(
Nt−1BMtree,t−1

)
(4)

Challenges to Scale Up From One to the
Next Model
As outlined above, models can estimate different types of growth
rates, like (annual) tree-ring width, average annual tree-biomass
increment, or annual forest-biomass increment. Theoretically, it
could be argued that different types of growth rates like tree-ring
width and forest biomass are strongly related to each other and
that one growth rate can be calculated from another. However,
this might be a too simplistic assumption that does not consider
that trees and forests are complex adaptive systems (Levin et al.,
2013; Puettmann et al., 2016).

In particular, the key consequence from Eqs 3 and 4 is that
multiple variables are required to calculate one growth rate
from another. Therefore, it is not possible to calculate the forest
biomass per hectare from the average tree biomass alone; in this
case, the number of trees is needed as well. This becomes a
problem when environmental change also influences the number
of trees, i.e., stand density, which in turn affects individual
tree biomass increment (i.e., a feedback loop via competition).

This points toward a key challenge: Trees and forests respond
to environmental change in multiple ways simultaneously. The
same ring width (after accounting for tree-size effects) can
correspond to different tree- and forest-biomass increments. The
challenge in creating a good growth-rate model is thus not only
to identify all the relevant parameters, but also to identify all
“pathways” how these variables affect different dimensions of tree
and forest growth.

Thus, the definition of a growth trend at any scale first
requires a complex growth model. This model must include
all relevant variables for tree and forest growth with all their
functional relationships, including indirect effects and (time-
lagged) feedback loops. The model then determines which
growth-rate types are suitable to answer a specific research
question. For example, if there is evidence that environmental
change affects stand density, which in turn affects radial tree
growth via competition, then tree-ring width alone is an
insufficient measure of trees reaction to the environmental
change. Figure 3 shows a schematic growth model that includes
various direct effects and feedback loops and the next sections
highlight the importance of the (time-lagged) feedback loops.

THE FOREST-STRUCTURE FEEDBACK
LOOP

Jump et al. (2017) describe “structural overshoot” effects, i.e., how
more favorable environmental conditions in the past can lead
to a higher above-ground biomass, but when the environmental
conditions deteriorate (e.g., get drier), this biomass cannot be
sustained anymore. Dieback of branches, canopies, and whole
trees might be the consequence. Similarly, Sperry et al. (2019) use
the ecohydrological equilibrium to model stand-level acclimation
to changing CO2-concentrations and rising temperatures via
changes in leaf area index (LAI) and tree biomass. Both articles
are related to the concept of the carrying capacity, where a limited
resource controls the maximum viable number and size of the
individuals. In forestry, the carrying capacity is often studied
via self-thinning lines (Reineke, 1933; Yoda et al., 1963; Bi, 2001;
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FIGURE 3 | This simplified schematic model shows how different types of growth rates are connected. Arrows indicate the effect of one variable or process on
another and highlight the direct and indirect effects that connect growth rates, environmental conditions, and sample biases (black), processes (purple), as well as
forest and tree parameters (orange).

Pretzsch, 2009a) as shown in Figure 1L. Self-thinning lines
describe the highest number of individuals that can survive at a
given tree size (in an even-aged forest). Importantly, self-thinning
lines depend on the environmental conditions.

The structural overshoot effect can lead to different growth
rates under the same environmental conditions, and is caused
by more beneficial environmental conditions in the past. It
could thus be argued, that a forest structure can be called
“non-representative” for the current environmental conditions,
whenever the environmental conditions change faster than the
forest structure is able to adapt. Forest structural changes might
be an altered stand density and the tree-size distribution, along
with altered generation times (Pretzsch et al., 2014; Forrester,
2019). Various studies focused on such effects: For example, stand
density has been shown to decline with decreasing moisture

(Eamus et al., 2001; Wang et al., 2006), higher tree densities
increase drought stress (Finley and Zhang, 2019; Andrews et al.,
2020), and stand density was found to be negatively correlated to
resilience/resistance (Bottero et al., 2017). Furthermore, López-
Serrano et al. (2005) found that drought appears to induce
self-thinning in young stands, and Ruiz-Benito et al. (2013)
report that denser forests are more vulnerable to increased
mortality rates. On a global level, Crowther et al. (2015) found
that stand density is positively correlated with temperature and
moisture, although local determinants of stand density can be
more complex. In forestry, thinning procedures were repeatedly
proposed or already applied to reduce drought susceptibility
to adapt forests to expected future climate change (D’Amato
et al., 2013; Grant et al., 2013; Rais et al., 2014; Thomas
and Waring, 2015; Sohn et al., 2016; Mausolf et al., 2018;
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Manrique-Alba et al., 2020). Though, not all studies found that
environmental change and growth trends alter self-thinning lines
(Pretzsch et al., 2014).

Generally, the feedback loop between tree and forest structure
and growth rates is linked to the costs and gains of trees and
forests “infrastructure”: higher trees with larger crowns could
theoretically photosynthesize more, but they also require larger
vessels/tracheids (Sanio, 1872; Mencuccini et al., 2007) which
makes them more susceptible to embolisms during droughts,
while more leaves lead to higher respiration costs, which is only
worth these expenses given sufficient resources (water, light)
and benign environmental conditions. Similarly, more trees per
area could result in a larger forest biomass increment, but only
if sufficient resources are available to support that many trees
(carrying capacity).

Changes in forest structure do of course mostly not occur
abruptly but gradually over decades or even centuries. Just as
treelines are known to lag behind climate change by at least
50 years (Körner, 2012), stand density will often only change
slowly. Of course, decreases in stand density due to die-back
are likely much faster than increases. The frequently reported
drought-related increases in mortality (Allen et al., 2010, 2015;
Wang et al., 2012) are indicators of such quick reductions in
stand density. Such drought related die-offs are often seen as a
bad thing, but on an ecosystem level it could be argued that some
die-backs are actually adaptive. Generally, trees and forests have
to balance the counteracting forces of resilience and adaptation
(Parrott and Lange, 2013; Filotas et al., 2014).

GROWTH-ALLOCATION FEEDBACK
LOOPS

Trees grow in more than just one dimension. Because of that,
Hember et al. (2015) argued that the use of radial growth
time-series can bias the assessment of growth trends and that
it would be better to calculate biomass increments from stem
diameter, tree height, a form factor and wood density (Eq. 3).
The issue is not just a non-linear relationship between radial
growth and tree-biomass increment, which would still allow to
calculate one measure from the other. The issue is rather that the
resource allocation varies between years and trees depending on
the environment and the general tree state. Next to radial and
height growth, resource allocation also varies for seed production
(Hacket-Pain et al., 2015; Vacchiano et al., 2017; Gavinet et al.,
2019), wood density (Pretzsch et al., 2018) and root growth
(Ledo et al., 2018).

Several studies have shown changes in the allocation of
resources depending on the climatic conditions (Martínez and
López-Portillo, 2003; López-Serrano et al., 2005; Lines et al., 2012;
Poorter et al., 2012; Hulshof et al., 2015; Gavinet et al., 2019). In
particular, under dry conditions trees invest more resources in
radial and root growth and less resources in height growth (Way
and Oren, 2010; Lines et al., 2012). Though, Franceschini et al.
(2016) found no effects of precipitation on growth allocation,
while they did find temperature effects. Reduced height growth
under dry conditions is at least partially caused by wood

anatomical restrictions: In tall trees, larger lumen diameters of
tracheids and vessels at the stem base are needed to sustain
sufficient hydraulic conductivity (Sanio, 1872; Mencuccini et al.,
2007; Carrer et al., 2015). But while larger lumen diameters are
required by higher trees, they also make trees more susceptible
to drought induced embolisms. Thus, a typical response of trees
to drought is to reduce the lumen diameter within the range
of their phenotypic plasticity. Drier climate is thus linked to
smaller trees and globally, canopy height is positively related to
water availability (Klein et al., 2015; Grote et al., 2016). This
suggests that in an anticipated drier future shorter trees will likely
dominate (Fajardo et al., 2018, 2019; Olson et al., 2018). Reduced
height growth, relative to diameter growth, can generally be seen
as an adaptation to dry conditions.

It is important to consider that height growth has a cumulative
effect, i.e., that past height growth can pose a burden on future
growth. Namely, it can be distinguished between short-term and
long-term effects of resource allocation (López-Serrano et al.,
2005; Maseda and Fernandez, 2006): While the annual (short-
term) difference in resource allocation to height and radial
growth might be small, past height growth can significantly
reduce future growth (and generation time). A tree that is
already tall needs wider vessels/tracheids at the stem base to
ensure sufficient water transport, which increases trees’ drought
susceptibility. This would imply that under similar climatic
conditions a tree that is taller might show reduced growth
compared to a tree with the same diameter but a lower height.

Furthermore, stem density and canopy closure are also well-
known to affect growth allocation due to competition for
light (Pretzsch, 2009a; Franceschini et al., 2016). Under low
light conditions, competition for light makes trees allocate
more resources to height growth. Even-aged forests, or natural
recruitment waves will thus result in a different growth allocation
than undisturbed uneven-aged forests because of different
light regimes during the ontogeny. Lastly, high concentrations
of atmospheric ozone were also reported to shift allocation
toward increased height growth at the expanse of radial growth
(Pretzsch et al., 2010).

HOW REPRESENTATIVE IS THE
SAMPLE?

Estimating growth trends critically depends on measurements
that are representative for the whole (tree-ring, tree, forest),
otherwise, the results can be biased. Next to representative site
conditions, the selection of individual trees is crucial for growth-
rate estimates. During forestry inventories, either all, or a random
selection of trees are measured. Such data is representative, but
long time-series are often not available. Extracting cores from
the stem and using tree rings as archives of past growth has
thus frequently been used to obtain long time-series of radial
tree growth. In dendrochronology, the effect of biases caused
by the tree-selection method within a site have been explored
by Nehrbass-Ahles et al. (2014), who argued that either all trees
or a random selection of trees should be sampled. Xu et al.
(2019) explored in more detail how many trees of which size
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class have to be selected to minimize sampling effort and still
derive a representative sample set. However, even when coring
all trees in a forest stand, the sample will not necessarily be
representative in the decades prior to sampling the cores. This
is because in a forest individual trees continuously die and
decompose. Such trees will then be missing from the sample.
This becomes a problem because trees do not die randomly or
evenly distributed in time. Instead, slow growing trees often live
longer, probably because ultimately tree height (not age) kills a
tree due to hydraulic limitations (Sanio, 1872; Thomas, 2002;
Bond et al., 2007; Mencuccini et al., 2007; Trouillier et al., 2018).
As a result, further back in time the faster growing trees are
missing, which will look like a positive growth trend and is known
as the “slow-grower survivorship bias” (Melvin, 2004; Bowman
et al., 2013; Brienen et al., 2016; Duchesne et al., 2019). Thus, to
derive any growth trends, the frequency of slow and fast growers
in the retrospective sample must match exactly the frequency
of such slow and fast growers in the forest in the respective
year, otherwise the growth rate is over- or underestimated. We
agree with Duchesne et al. (2019), that there is no statistical
method (yet) that can disentangle such sample biases from real
growth trends. Missing information on the frequency of fast
and slow growing trees in a forest is thus a key challenge when
estimating growth trends from tree-ring data, while data from
forest inventories or eddy covariance towers is unavailable for
long-time series.

THE POTENTIAL NATURAL FOREST

The previous sections outlined that trees and forests react and
adapt in multiple ways to environmental change. We thus
argue that each environment will lead to a typical forest and
tree structure, which includes a characteristic stand density,
size frequency-distribution, generation time as well as growth
allocation. Based on the concept of the potential natural
vegetation – PNV (Tüxen and Preising, 1956), we call this
emerging forest type the “potential natural forest” – PNF. This
forest can be defined as the hypothetical forest that would
develop under the current environmental conditions and without
disturbances and human intervention. The PNF thus describes
the offset between the current forest, caused by the environmental
conditions in the past, and the forest that would emerge at
a given site, if the reaction of tree’s and forests would not
lag behind the environmental change, and if the forest would
not be disturbed. For simplicity, we here neglect successional
cycles, natural disturbances, changing species compositions, and
permanent anthropogenic site changes like the depositions of
nutrients or pollutants (Chiarucci et al., 2010), though, the PNF
concept could be extended to include such effects.

To illustrate the PNF concept and how it is related to growth-
trend estimates, we created a virtual dataset of two forests
PNF-E1 and PNF-E2, which developed under the environmental
conditions E1 and E2, respectively (Supplementary Table 1).
Both forests differ in (a) their tree size-frequency distribution
(Supplementary Figure 1), (b) height-age relationships
(Supplementary Figure 2), (c) age-diameter relationship

(Supplementary Figure 3), and (d) wood density. Given these
variables, we then calculated other tree and forest variables like
tree and forest basal area, wood volume, and wood biomass
(Eqs 3 and 4). The relative differences between both forests is
shown in Figure 4A. When PNF-E1 is exposed to environment
E2, the tree and forest parameters will slowly change and the
PNF-E1 will turn into PNF-E2. But this adaptation process
might take many decades. Consequently, for some time the
PNF-E1 will experience an environment to which it is not
(yet adapted). In our example we thus compare three growth
rates: The growth rates of both forests PNF-E1 and PNF-
E2 in their native environments E1 and E2, as well as the
growth rate of PNF-E1 when exposed to E2 without time for
adaptation. This example thus illustrates how growth trends
can differ if a forest does or does not have time to adapt to
environmental change.

Annual growth rates were calculated from the age-size
relationships (e.g., ring width ∼ diameter). To calculate the
growth rate of PNF-E1 under the new environment E2, we
applied the respective age-size relationships from PNF-E2 to the
forest structure of PNF-E1, multiplied by a reduction factor to
simulate structural overshoot effects and stand densities above
the carrying capacity. Figure 4B illustrates the results and shows,
that the growth trends (growth rate change in percent) differ
between the different types of growth rates. Most importantly
with respect to the PNF, it also shows that growth rates drop more
when the forest had no time to adapt. Effect sizes should of course
be taken with a grain of salt since this is a hypothetical example
created to demonstrate the PNF.

APPLICATION OF THE PNF

It depends on the research question if it matters that the present
forest under study and the PNF have potentially different growth
rates. The PNF should be used to remove the legacy effect of the
past and only assess how much trees or forests would grow after
the ecosystem is in the stable state defined by the environmental
conditions. The PNF should not be used if these legacy effects
are in fact of interest. How exactly to apply the PNF concept will
depend on the dataset, research question and methodology. One
simple empirical way could be to fit a smoothing spline to the
data. This (multidimensional) spline would essentially return the
typical growth rate at a given tree and forest structure, just as the
regional curve standardization (RCS) is already used to return the
expected tree-ring width at a given age. Though, other methods
like physiologically meaningful equations or agent-based models
would be possible too. Generally, the PNF can be useful for
different disciplines:

For example, given the data from successive forest inventories
over several decades, one might ask how the annual forest
biomass increment per hectare has changed due to climate
change. For each inventory, the individual tree and forest biomass
could be calculated from the measured values (DBH, tree height,
stand density, wood density). The differences in biomass between
two inventories would then be the tree and forest growth-rates.
Though, the trees and forest structure may currently adapt to the
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FIGURE 4 | Example of two forests PNF-E1 and PNF-E2 that developed under their respective environments E1 and E2. Both forests differ in their structural
parameters (A). When PNF-E1 is exposed to E2, it will slowly adapt and turn into PNF-E2. However, without time for adaptation the growth rates will differ (B).
Structural overshoot and a stand density above the carrying capacity result in lower growth rates of a forest that is not adapted to E2.

new climatic conditions and have not yet reached the new stable
state (the PNF) yet. If this matters for the research question, it
must also be investigated how tree growth will change the forest
structure and how much the new forest structure in return affects
individual tree and forest growth (feedback loop). As outlined
above, this includes assessing the effects of stand density, the
tree-size distribution and the growth allocation within trees.

Dendrochronologists often use tree-ring data to reconstruct
temperature or precipitation before instrumental records: At a
given site, summer temperature might have a strong effect on tree
growth, and thus correlate with tree-ring width. Growth trends
would indicate gradual changes in the summer temperature.
Because raw data is unsuitable to reconstruct climatic variables
(age trends), dendrochronologists have developed various
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detrending methods, which are generally closely related to growth
models. For example, the RCS method attempts to quantify
the effects of tree age/size on tree-ring width. On the other
hand, information on stand density, tree size distribution or
height growth is typically not available for dendrochronological
datasets. But as outlined above, those variables are affected by
environmental change and they affect tree-ring width (feedback
loop). To avoid biases, reconstructions of climate variables
would ideally also be based on the growth rate of the PNF to
quantify how much the climatic variable changed each tree and
forest variable.

Lastly, eddy covariance towers measure the CO2 uptake and
emission of ecosystems. It can be challenging to attribute a
changing rate of CO2 sequestration to one cause or another. In
forests, CO2 uptake is mostly caused by tree’s photosynthesis.
Increasing rates of carbon sequestration could thus indicate more
photosynthesis, which typically also indicates a positive trend
in the forest’s biomass increment. However, without additional
information on the forest, the cause of this trend cannot be
explored further. For example, in a relatively young afforestation
forest, a positive growth trend would mostly be caused by
trees approaching the size/age of their highest productivity.
Eddy covariance data alone cannot be used to explore the
causes of the observed trend in more detail because it cannot
distinguish between diameter-, height-, root growth, and the
soil’s carbon balance. Given additional data, the PNF concept
could be applied to eddy covariance data to understand where
in a forest more or less carbon is sequestered and how
certain environmental changes shift CO2 accumulation rate by
altering stand density, tree size distribution or carbon allocation
within the trees.

An alternative to the PNF, to account for the legacy effects of
the past, would be a fixed baseline forest which could be simulated
with agent-based models (Pretzsch, 2009b; Grimm and Railsback,
2013; Mäkelä and Valentine, 2020). For example, a planted, even-
aged pure forest with a precisely defined forest structure could be
such a fixed baseline. It could be used to assess how much biomass
this exact forest would produce in each environment. However,
calculating growth trends of such a baseline forest is probably
not any easier than estimating the growth rate of the PNF, it just
transposes the mathematical equations of the growth rate model
and it limits the interpretation to certain forestry practices. In
most cases the PNF is thus preferable.

CONCLUSION

In this article, we describe the challenges that surround the
definition and quantification of tree and forest growth-trends and
put special emphasis on time-lagged feedback loops. In particular,
we describe how trees and forests respond in multiple ways to
environmental change and thus argue that characteristic tree
and forest structures will emerge under different environmental
conditions. However, because of tree’s long generation times
and growth rates, their adaptation to the new environmental
conditions can lag behind decades to centuries, causing an
offset between the present forest and what we termed the PNF.
Those two forests may show different growth rates under the

same environmental conditions. This difference can be important
when quantifying and reporting growth trends. For example,
two forests that developed under dry and moist conditions,
respectively, will show different h/d ratios of trees, different
stand densities and different size-frequency distributions. When
exposed to exactly the same climatic conditions today, they will
likely also show different growth rates and trends. After being
exposed to the same climate over long time periods, both forests
will develop into the potential natural forest that is characteristic
for this environment.

The PNF is in line with a framework that was recently
proposed by Forrester (2019) that describes how to estimate stand
biomass growth-rates based on stand density, size probability
density-function and size-growth relationship. Essentially, this
refers to the same feedback loops described in this article.
Similarly, and in agreement with our description of temporal
changes in the forest structure, Evans et al. (2017) proposed
to use tree-ring data in combination with forest inventory
data or to combine them with individual based models, that
account for changes in the stand basal area and thus the
competition within a stand.

Currently few, if any, long time-series datasets are detailed
enough to apply the PNF concept to estimate growth trends.
Nonetheless, we believe that the PNF is already a useful concept
because it enables researchers to consider the full complexity of
tree and forest growth and discuss uncertainties when reporting
growth trends. In the future, more detailed time-series data that
cover longer time-periods will become available, which will then
allow to turn the theoretical concept into a mathematical model
or detrending procedure.
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