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A B S T R A C T

The increased speed of global change and associated high severity disturbances, in conjunction with the
increasing suite of societal expectations on forests, suggest that the timeliness of interventions to encourage the
adaptive capacity of ecosystems and to reduce negative impacts in regards to provision of ecosystem services is
increasingly relevant. To address this issue, we expand the concept of lag time as used in ecological discussions
into a forest management context. In this context, lag times have earlier starting and later ending points and can
be separated into different components. These components include the delay till detection, decision making, and
implementation, followed by ecological lag time and the time till ecosystem services are provided at acceptable
levels. The first three components are influenced by the availability of information, the lack of which can extend
lag times. Also, the lengths of components are not simply additive but they interact. For example, treatment
preparation due to a quicker detection can lead to shorter decision and implementation lag times. We highlight
the benefits of addressing the various components of lag time in forestry operations. Especially when considering
adaptive capacity in times of global change, our analysis suggests that all aspects of the forestry sector are
challenged to consider how to optimize lag times. Last, we propose that such issues need to be considered with
any management action and are especially relevant in discussions whether the best strategy after disturbances or
in the light of global change is to adopt a passive approach and let natural ecosystem processes play out on their
own or whether active management is better suited to ensure a more rapid and fitting ecosystem response to
facilitate the continued provision of ecosystem services.
1. Introduction

Lag time is generally defined as the “interval of time between two
related phenomena (such as a cause and its effect)” (https://www.merr
iam-webster.com/dictionary/time%20lag, accessed 06/11/2023). In an
ecological setting, the term focuses on the time between the occurrence
of an environmental or biological trigger, often a disturbance event, and
the associated response, e.g., “time to rebalancing of a system following a
perturbation” (Watts et al., 2020) (Fig. 1, upper bracket). The concept of
ecological lag time originated in evolutionary genetics and was directly
linked to questions of maladaptation (Levins, 1968). Maladaptation of
individuals, species, populations, communities, and ecosystems to
changing environmental conditions is becoming more and more of a
concern in times of global change (Farkas et al., 2015; Brady et al., 2019,
Fig. 1 in Box 1). This is especially relevant in forest and forestry settings,
as trees have a very long life cycle and many management decisions have
a long time horizon. Consequently, understanding what influences lag
time and opportunities to shorten or lengthen lag times through forest
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management activities becomes increasingly relevant (Rastetter et al.,
2021). Lag times express themselves differently at different organiza-
tional levels, e.g., for individuals, populations, communities, and eco-
systems and they can be due to multiple or a single “bottleneck” process,
such as delays in recruitment (Walters, 1986). For a single organism, lag
times can often be reduced to settings where a response can be traced
directly to a specific event or environmental condition, e.g., leaf shedding
as a result of critically low soil moisture availability during drought. In
contrast, lag times in ecosystem processes are typically driven by addi-
tional factors, especially interactions of various components over time.
These interactions may dampen or amplify the response and thus influ-
ence lag times. For example, during drought conditions forest structure
and composition may change quite differently in response to interactions
among tree species, shrubs, and herbaceous vegetation and their result-
ing effects of trees responding to insect attacks (Rastetter et al., 2021). In
such cases, it may not always be possible to attribute an ecosystem
response to a single or specific trigger.

Initially, the lag time concept received the most attention in the
023
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ecological community in the context of evolution (Levins, 1968). Already
in the 1960s, Levins highlighted that lag time has to be viewed within
ecosystem dynamics, as by the time organisms have changed their
phenotype in response to environmental triggers, the environment may
have changed more in the meantime. This issue has garnered more
attention as global change mechanisms lead to an acceleration of envi-
ronmental changes (Watts et al., 2020) and thus has implications for
management efforts to increase the adaptive capacity of ecosystems.
Later the concept of lag times receivedmore attentionwhen investigating
population and ecosystem dynamics, especially because of concerns that
lag times lead to overshoots or oscillations when developing predictive
models (Botkin, 1990) and determining harvest levels (Walters, 1986).
To account for this, e.g., Leary (1985) suggested to add a delay constant
for modeling the effect of herbivore-plant interactions on stand growth.

A second argument for paying more attention to lag times is their
direct relevance to biodiversity and species conservation. In this context,
lag time has received most attention in the discussions about extinction
debt (e.g., Duncan, 2021) and the International Union for Conservation
of Nature (IUCN) Red list reflects this concern. A longer lag time suggests
that our current prediction of populations and species in decline may be
an underestimate. This may be the case when the reproductive success
declines rapidly in a long-lived species (Jackson and Sax, 2010) and
many ecosystem functions are not impacted yet. For example, ecosystem
processes associated with mature trees may proceed as before, but the
higher sensitivity of germinants and seedlings to environmental changes
may prevent tree regeneration that is eventually necessary for continued
provision of desired ecosystem services (Martínez-Vilalta and Lloret,
2016). At the same time, a longer time lag may also lead to underesti-
mation of population and species recoveries after damaging practices are
halted or conservation treatments have been implemented (Watts et al.,
2020). This effect is of sufficient size and concern that the IUCN now
accounts for delays in recoveries in the Green Status of Species list.
Similarly, studies indicated that the time between the arrival of an exotic
species and the recognition of its ecological, social, and economic impact
is influenced by numerous factors and can vary from years to centuries
(Crooks, 2005).

A third argument to pay attention to lag times is the increased de-
mand of humankind for ecosystem services, both in qualitative and
quantitative terms. For example, expectations now include supporting
biodiversity (Kok et al., 2018) and a green economy (Sivadas, 2022), as
well as counteracting climate change by increased carbon storage in
ecosystems (Nunes et al., 2020). These high expectations often can be
most efficiently satisfied by forests with a narrow, selected set of con-
ditions, which can deviate from conditions found in natural, unmanaged
forests (Bauhus et al., 2010; Parrotta et al., 2016). In the context of novel
Box 1
Conceptual description of the relationships between speed of change, lag

As we expect increases in the speed of global change (Osman et al., 2021),
and the consequences if we do not accelerate or modify our management re
changes will result in a lower probability of an outcome where ecosystem
outcome where the ecosystem maintains ecosystem functions (the end of e
services (the end of ecosystem service lag time). To highlight how these p
including functions where the probability of a successful outcome is consta
lines) and patterns (red lines). The hazard functions directly influence t
functions (PDFs) of the length of time (lag time) until such success is achie
especially helpful when discussing management efforts, especially in the c
2021). For simplicity, the figures assume a simple linear time flow and ig
et al., 2021). It also is limited to one organizational level and ignores th
processes at different organizational levels, e.g., on recovery of individuals
range of probability and time until critical levels are reached highlights th
they can be managed (either shortened or lengthened) can provide impo
2015).
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and high demands for ecosystem services, ecosystem processes and
conditions that were considered acceptable or even desirable in the past,
may now be viewed as problematic, thus influencing the role of lag times.
Examples include the roles of fires and floods, which are natural distur-
bance agents that are often beneficial in terms of supporting ecosystem
dynamics in many natural settings (White and Jentsch, 2001). In the
same place, but other settings, these disturbances may now be considered
unacceptable and great efforts are made to prevent their impacts, for
example in wildland urban interfaces when human and animal lives and
structures are threatened (Miranda et al., 2020). In addition, biological
conditions have changed over time especially due to past human activ-
ities to the extent that the natural processes are not able to provide the
desired ecosystem services anymore. For example, global trade or travel
has led to introductions of exotic species and a lag time in addressing this
issue has led to changes that can greatly influence forest development
(red lines, Fig. 2 in Box 1). For example, after the introduction of Rubus
armeniacus (Himalayan blackberry) into the USA in 1885, it has become a
very common and competitive species, among other places in the Pacific
Northwest of the USA and western Canada by the 1940s (Bennett, 2007).
This exotic species is nowwidespread in the region and in many areas has
formed dense thickets that exclude not only the native forest understory
vegetation (Fierke and Kauffman, 2006), but also prevent the regenera-
tion of shade intolerant tree species such as Pseudotsuga menziesii
(Douglas fir), Pinus ponderosa (ponderosa pine) and Quercus garryana
(Oregon white oak) (Williams et al., 2006; Bennett, 2007). The initial
lack of major coordinated efforts to slow down or control its spread in the
19th and early 20th century can be viewed as a long lag time in terms of
management responses. Once established these thickets can only be
removed through very severe treatments, such as grubbing, repeated
mowing, and/or multiple herbicide applications (Soll and Lipinski, 2004;
Bennett, 2007). Thus, as a consequence of the extended lag times as
described above (see also Box 1), we now need such severe treatments to
ensure regeneration of selected plant species for the continued provision
of desired ecosystem services. Thus, addressing the issue of lag time is
especially urgent in settings and after disturbances when delays in
management responses can lead to reductions in ecosystem services.
These cases are of special concern because of the increases in the speed of
global changes (Osman et al., 2021). Box 1 provides a more conceptual
understanding of how the length of lag time influences the probability of
success as a function of the speed of environmental change.

The lag time concept is more easily understood, if we assume some-
what simplified ecosystem dynamics, mainly a fairly constant state or
trend. This makes it easier to define disturbances or other events that
push the ecosystem to deviate from the desired state or trend. In reality,
the various aspects of ecosystems are constantly fluctuating following
time, and ecosystem responses.

a more detailed look shows the various implication of such increases,
sponse. Box 1 Fig. 1a shows that an increased speed of global and local
s successfully adapt to these changes. Successful is defined here as an
cological lag time) and/or maintains the provision of desired ecosystem
atterns come about, Box 1 Fig. 1b shows different hazard functions,
nt (blue lines) or increases (red lines) over time at different levels (blue
he distribution, including mean and variation of probability density
ved (Box 1 Fig. 1c). Understanding these patterns and relationships is
ontext of species or population recoveries (Watts et al., 2020; Duncan,
nore other dimensions of time, such as synchrony and cycles (Ossola
at the influence of lag time is not the same for the same or different
versus populations and species. However, despite that simplicity, the

at understanding of lag times, the factors that influence them and how
rtant guidance for the future management of ecosystems (Essl et al.,



Box 1 Figure 1. (a) Probability of treatment success as a function of the amount
of lag time (time till treatment), for conditions where environmental and ad-
aptations are in sync, i.e., change at the same speed (solid line) and when
environmental conditions change faster than the ability of ecosystem to respond
(long and short dashed lines reflect e.g., slow and fast increases in global tem-
perature, respectively). (b) The probability of an outcome such as successful
adaptation that provides ecosystem services as a function of the time after an
event happened (i.e., after the Impact). The blue lines represent conditions with
constant probability over time at either lower (solid line) or (higher dashed line)
levels. The red lines show conditions where the probability increases over time,
either linearly (solid line) or in a convex manner (dashed line). Similar concept
as hazard function in survival analysis, modified from Duncan (2021). (c)
Probability density function of time till adaptation measures are successful and
ecosystems provide desired ecosystem services (assuming a Weibull distribu-
tion), based on different hazard functions. The line colors and patterns match
Box 1 Fig. 1b. Different patterns of increasing hazard functions result in similar
shapes, e.g., convex, linear, and concave increases result in unimodal distribu-
tions, with distributions being more peaked and shifted to the left for convex,
then linear, and concave patterns (Duncan, 2021). Note, that PDFs are not
defined below zero. Thus, conditions were actions are taken in anticipation of
events, e.g., based on model simulation, that lead to success prior to the actual
event (can be viewed as negative lag time) cannot be displayed.
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different, and in some cases discordant trends due to the influence of a
variety of natural and human factors (Walters, 1986; Botkin, 1990). In
systems in which indicators and variables vary extensively, the points in
times that qualify as starting and ending points of lag times may be
difficult to define. This makes the application of the lag time concepts
more challenging. However, even in those conditions, the major princi-
ples still apply, for example the impacts of shortening or extending lag
times, making a more detailed understanding of the lag time useful.

The arguments above illustrate also that lag time per se is not a
positive or negative factor influencing ecosystem development. Conse-
quently, it may be beneficial or even necessary to distinguish the lag time
concept as used in the ecological literature from lag times in managed
forests. As a case in point, all three arguments play into the recent and
ongoing highly controversial discussions whether, for the sustainable
provision of desired ecosystem services, it is better to rely solely on
natural processes to prepare ecosystems for global change, even after
disturbances, or influence these processes through targeted management
efforts (e.g. Jandl et al., 2019; Kuuluvainen et al., 2021). In the resto-
ration community, the same issue is discussed in terms of active versus
passive restoration after disturbances or when ecosystems have been
degraded through management activities (Chazdon et al., 2021). Against
the background of an ever-increasing speed of changes at local to global
scales (Watts et al., 2020; Osman et al., 2021), we aim to contribute to
this discussion by providing conceptual insights how the lag time concept
can be expanded from the ecological interpretation to a management
context. Based on these insights, we provide suggestions how the concept
can help to develop a more systematic approach how to manage lag times
to improve forest management outcomes in highly dynamic and uncer-
tain times.

2. Extending the lag time concept to a management context

In contrast to a purely ecological perspective, management and
restoration activities are also driven by human objectives and values
(Benayas et al., 2009). In the context of lag time, this is directly reflected
in the criteria used to define impacts, and ecosystem responses. The starting
point of an ecological lag time is an impact, some trigger that critically
affects ecosystem functioning. The ecological lag time ends with an
ecosystem response, a reaction that has led to the rebalancing of ecosystem
functions and processes (Watts et al., 2020; see Fig. 1, upper bracket).
Typical reasons for ecological lag times include delays in recruitment or
when selected processes, such as changes in growth rate, are eventually
being reflected in mortality or fecundity levels (Walters, 1986).

2.1. When do lag times start and end in a management context?

In managed forests, when exactly an undesirable trend or change
(disturbance) is considered an event, i.e., when a critical trigger has been
reached, is, in contrast to ecological lag time, not defined by its impact on
ecosystem processes, but when an event is considered to have an impact in
terms of consequences to the provision of ecosystem services (Jenkins
and Schaap, 2018). Such considerations can result in earlier or later
starting times. Also, events and impacts with a high risk to endanger or
lower the provision of ecosystem services receive most of the attention
and thus are more likely to result in an earlier start of lag time. Similarly,
the end of an ecological lag time, when ecosystemsmay have responded to
a trigger and “rebalanced” (sensu Watts et al., 2020), may not be suffi-
cient to identify the end of lag time in management contexts. Instead, the
end is defined in terms of ecosystem service provision.

In a management context (Fig. 1, lower bracket; Eq. (1)), it is more
useful to think of the start of effective lag time to coincide with the time an
event happens, where an event is defined as an incident that is later
determined to result in an impact. For example, the ecological definition
starts the clock at a timewhen an exotic, invasive species, for example the
Agrilus planipennis (emerald ash borer) started killing trees after it
established in a new location (i.e., impact). In contrast, in a management



Fig. 1. Additional time steps that are relevant in a management context: An Event that by itself has no impact, e.g., seeds or spores of new species attach to a pallet that
is then later transported to a new continent. Detection is when an impact is formally recognized by managers as sufficiently harmful that it requires intervention.
Decision is the time when managers agree on a plan whether and how to respond to the impact. Implementation is the time when the management plans are imple-
mented, i.e., seedlings are planted or vegetation is removed. In addition, if managers are successful, the Ecological lag is defined using the implementation of the
management treatment as starting point (trigger) and the ecosystem response as an end point (same endpoint as the generic ecological lag time). After the ecosystem
has responded, it may still take time for the ecosystem to develop to the point where it provides the desired ecosystem services (the overall end point of lag time in
managed settings. Examples of options to influence lag times are listed in their respective lag periods and are discussed in more detail in the text.
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context, the effective lag time starts at the time when the event initiated,
i.e. when the emerald ash borer started its migration, and thus when the
later impact could be anticipated and long before it actually had a direct
impact on certain forest ecosystems that were still far away from the
initial occurrence of the species. For example, natural resource managers
in Oregon knew since 2002 (Event), when A. planipenniswas confirmed in
Michigan that this species will eventually kill ash trees in Oregon, which
it eventually did starting in 2022 (Impact). The Oregon Department of
Forestry and Department of Agriculture did not wait for the ecological
impact but used the earlier event to develop and prepare a “Readiness and
response plan for Oregon” (https://www.oregoninvasivespeciescounci
l.org/eab). One could think of many similar examples of biotic distur-
bances, especially those caused by introduced pests and diseases, that
spread gradually. In selected cases, when more gradual changes lead to
conditions that endanger or lower the provision of ecosystem services,
scientists have the ability to anticipate future events and impacts, for
example through the use of simulationmodels, for both biotic and abiotic
factors causing stress and disturbances. For example, global circulation
models project the effects of climate change on temperatures or precip-
itation patterns. Based on these simulations, all over the world scientists
and foresters are already discussing how best to react to the projections
that selected tree species will likely be lost from specific sites or eco-
systems. As a consequence, in many places forest managers are already
establishing alternative tree species or provenances that are better
adapted to future climatic conditions (Butterfield et al., 2017; Palik et al.,
2022), rather than waiting for the actual impact, such as wide-spread
mortality of the species during an extreme drought.

The basic approach (focus on outcomes) is similar, but the criteria
used to define the end of lag times varies between ecological and effective
(i.e., managed) lag times. In ecological settings, the criterion used is
defined in terms of “rebalancing” (sensu Watts et al., 2020) ecosystem
structures, processes or functions (Eq. (1)). In contrast, in managed for-
ests the criterion is defined as a specified level of ecosystem services
4

provided by the forest. In both settings, it is not enough that desirable
developments have been set in motion, e.g., regeneration of desired
species. Instead, these developments have to play out until a sufficient or
satisfactory level of ecosystem processes or functions (for ecological lag
time) or ecosystem services provision (for effective lag time) has been
reached. Thus, in forests that provide a suite of ecosystem services, there
may not be a single, generally accepted end of the lag time, but it may
vary depending on the combination of the specific ecosystem services
desired at the time. In a managed forest context (Fig. 1, lower bracket)
the effective lag time is calculated as

LTEffective ¼TEcosystem Service Provision � TEvent (1)

2.2. Separating lag time in a management context into different
components

When considering the environmental, social, and economic costs and
benefits of restoration or other management activities, we find it bene-
ficial to separate lag time into different components (Fig. 1, lower
bracket, Eq. (2)). Understanding these components and factors that in-
fluence each can provide a more robust basis for developing and utilizing
effective and efficient opportunities for management to influence or
shorten lag times.

1) The lag times in Detection can be attributed to several factors. For
example, they can be due the spatial segregation of an event and its
eventual influence on ecosystems, such as introduction of a new in-
sect species in a harbor or transportation hub and its subsequent
spread and impact on surrounding forests. Typically, forest moni-
toring efforts will not cover such areas outside forests. Also within
forests, regular monitoring efforts such as national forest inventories
that operate at large spatial scales, typically using a grid-based with
inventory points that are separated by several kilometers, are not
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designed to pick up rare events. For example, new tree species, rep-
resenting rare events, may not even be recorded but lumped into a
category “other species” and only when they have become sufficiently
abundant will be recorded as individual species that lend themselves
to analysis (e. g. Bindewald et al., 2021). Lag times may thus also
result from such events not being detected or the lack of communi-
cation between different authorities. Similarly, lag time in terms of
detection could be due to ontogeny. For example, organisms are
introduced in form of seeds or larvae but may not be detectable until
after germination or pupation, respectively. Even with proper moni-
toring efforts, lag times can be due to misinterpretation of available
information by professionals and the public, either by not under-
standing the cause of events (Noonan et al., 2015) or due a lack of
understanding or proper evaluation of the full consequences, for
example whether this event eventually leads to changes in ecosystem
service provision (Essl et al., 2015). For example, different established
risk assessment procedures may lead to very different results when
applied to non-native tree species (e. g. Bindewald et al., 2020).

2) Another component of the lag time is due to delayed Decisions. After
detection and awareness of an event, practitioners need to have the
ability to make decisions about treatments. Numerous administrative
and logistical challenges prevent forest and land managers from
implementing management or restoration activities right away. Most
public and private enterprises work with strategic and implementa-
tion plans and resources are allocated accordingly, including labor
and funding. Depending on the flexibility in administrative structures
and procedures, it may take time and effort to fight an “insistence on
standard operating procedures” (Walters, 1986; page 32) and
convince an organization to deviate from such plans and implement
previously unplanned activities. For example, the discussion whether
to let fires burn in selected places, such as National Parks, should be
held prior to fire events. The decision lag time is shortened, if clear and
generally accepted decision criteria are in place that determine when
the risk of letting fires burn is too high. In contrast to private enter-
prises, public agencies may have to deal with more rules and regu-
lations before such changes are made. Next, it will take time for an
organization to agree on a proper management response, especially
organizations with a broader scope and an associated wide array of
in-house experts and stakeholders with potentially contrasting values
and viewpoints. Decisions may for example be delayed when a
necessary course of action, such as the application of pesticides or
herbicides to control certain invasive species, conflicts with existing
legislation or other established rules, for example in forest certifica-
tion schemes. Besides the ecological implications of the decision lag
time, other implications can include social conflicts regarding the
resource use (Ostrom, 1990).

3) Delays in Implementation of the decisions are often attributable to
logistics. Especially in larger operations, several steps involving
numerous people and administrative levels typically need to be taken
before the actual treatment can be implemented. These could include
development of information strategies, and contracts that have to be
written, put out for bid, and signed. In many instances, this means
organizations have to deviate from their standard procedures (Wal-
ters, 1986). In addition, tools or equipment may have to be procured
or put into place, people may need to be hired and trained, and
permits obtained. Recent examples of extended implementation lag
times include the delays due to the lack of seedlings when forest
managers decided to replant land after the 2020 fires in Oregon or the
delay in purchasing of harvesting equipment for salvaging in
bark-beetle infested forests in parts of Europe (Sangin�es de C�arcer
et al., 2021).

4) Even in a management context, the ecological lag time can be lengthy,
even after implementation of the management activities. It is defined
as the time until the intended effect has happened, for example
through the activation of feedback loops or reversal of trends
(Ostrom, 1990). In practical terms, the ecosystem response will be
5

influenced by a combination of the initial event and the management
activity (i.e., a secondary event). Given that the original impact was
considered sufficient to warrant management activities, the influence
of successful management activities needs to supersede and halt or
reverse undesirable ecosystem developments to the point where
developmental trends have been initiated that eventually ensure
“rebalancing” (sensu Watts et al., 2020).

5) By the time the ecosystems have responded, when the ecological lag
time has ended, not all desired ecosystem services may be provided at
acceptable levels in managed forests. Examples of this additional
delay, i.e., lag time associated with ecosystem development, include
the time when trees have been established and are growing, but have
not reached sufficient size to be harvestable or provide habitat
structures for larger cavity nesters and thus do not yet provide desired
ecosystem services (e.g. Bauhus et al., 2009),

LTEffective ¼LTDetection þ LTDecision þ LTImplementation þ LTEcological

þ LTEcosystem Service (2)

When separating lag times into these components, several aspects
need to be considered. First, any ecosystem response comprises many
different responses at different organizational levels such as individuals,
populations, meta-populations, and communities. The factors influencing
lag times are not necessarily the same for all these different organiza-
tional levels. Additionally, processes at and between all these levels likely
interact to further add complexity to these responses (Conrad, 1983). For
brevity, in the following we briefly highlight selected factors shown to
influence effective lag times focusing on species (Watts et al., 2020). First,
short-lived species with an associated short (generational) turnover time
typically show a quicker response. In contrast, species with longer life
spans and associated time till sexual maturity have longer generational
turnover time, but may have a greater capacity to acclimate to changing
conditions. Thus, for selected impacts, these different organisms either
have shorter or longer ecological lag times (Meyers and Bull, 2002; Watts
et al., 2020). Second, habitat requirements of species result in more
complicated patterns of influence on lag times. Especially the influence of
specificity has been explored, i.e., the range of conditions under which
species can survive and prosper. Species with very specific habitat re-
quirements, such as those found in old forests, may have a short ecological
lag time as they respond relative quickly to habitat loss. At the same time,
these species may not respond quickly and thus have long ecological lag
times in relation to restoration treatments as their habitat takes time to
develop (Watts et al., 2020). Third, other species traits, such as fecundity
and dispersal distance are especially influential in terms of colonization
of newly available habitat (Naaf and Kolk, 2015). For example, species
with a high number of propagules that disperse over large distances have
a greater capacity to respond quickly to favorable conditions for estab-
lishment in the landscape.

Another critical factor influencing the length of numerous lag time
components discussed above, specifically the Detection, Decision, and
Implementation lag time, is the availability of information (Fig. 1, lower
bracket; Eq. (3)). In situations with insufficient information, an addi-
tional delay is caused by the process to obtain critical knowledge or
robust evidence (Grennfelt et al., 2020). For example, information gaps
can result in errors in interpretation of monitoring data and thus lengthen
the detection lag time. This is further complicated by the type of event.
After distinct events, i.e., disturbances such as fires or windstorms,
changes are obvious and these occurrences are likely interpreted as
events. In contrast, continuous and gradual changes, such as increasing
temperatures or shifts in precipitation patterns are harder to interpret in
terms of their ecological relevance and provide special challenges in
defining when an event has happened. In such instances, the decision is
helped by the availability of robust model projections and the determi-
nation of threshold values (Scheffer, 2009). In the same context, infor-
mation may be limited regarding the natural ecosystem development
under changing, especially under novel conditions (Hobbs et al., 2013,
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Eq. (3)). In a management context, additional uncertainty exists in un-
derstanding how ecosystems respond to restoration or management
treatments under such novel conditions (Puettmann, 2011). Novel con-
ditions are likely to be especially challenging as all these aspects of in-
formation gaps may apply simultaneously. Logistic constraints may
further influence the affect that lack of information has on lag times. This
includes the availability of researchers to develop proposals, obtain
funding, implement studies and develop models, analyze and distribute
the results. Last, the capacity of educational and training systems de-
termines the lag time till practitioners learn about the new information
and become sufficiently educated to decide on forest restoration or
management practices.

LTEffective ¼LTDetection � INþ LTDecision � INþ LTImplementation � IN

þ LTEcological þ LTEcosystem Service (3)

Another issue highlighting the benefits of separating the lag time into
components for better management is that the components are not sim-
ply additive. Specifically, the earlier lag times can influence the length of
certain later lag time components (Eq. (4)). For example, quicker
detection of an event may allow organizations to start the decision-
making process or obtain tools and material earlier, maybe even before
an event has actually happened. For example, based on simulation results
from global and regional climate changemodels, researchers have started
investigating which tree species or provenances will be suitable in future
in selected regions and for certain site types (e. g. Chakraborty et al.,
2021). The information may not have shortened the decision and
implementation lag time, but the earlier event allowed earlier efforts to
choose and establish different provenances or species that are presum-
ably suitable for current and future conditions (e. g. Butterfield et al.,
2017; Palik et al., 2022). This moves the ecological lag time forward before
the actual impact of climate change is evident.

An example of non-linear, threshold-type relationships is to delay
decisions to replant after disturbances. A short delay may not necessarily
lead to a delay of tree plantings. However, once a threshold has been
reached, such as when planting crews are fully booked or nursery stock is
sold out, any replanting efforts have to wait at least till the onset of the
second planting season. Thus, the implementation lag time is not influ-
enced before the cutoff time, but lengthened once the cutoff time has
been reached. Alternative, delays in the early lag time components may
also influence the choice of management activities and potentially longer
ecosystem response lag times (see description of the invasive species
R. armeniacus above). Similarly, delays caused by longer discussions
about the decision whether or not to salvage harvest and replant
disturbed areas after fires or bark beetle damage may result in insuffi-
cient regeneration owing to increased competition from early-
successional vegetation (Ouzts et al., 2015) and thus a reduction in
associated ecosystem services. At the same time, this type of delay may
lead to shorter ecosystem response lag times in relation to other
ecosystem services, such as provision of selected wildlife habitat (Lin-
denmayer et al., 2012).

LTEffective ¼LTDetection þðLTDecision �LTDetectionÞþLTEcological þ LTEcosystem Service

(4)

3. Options to influence the lag time in managed ecosystems

We propose that any management intervention benefits from being
viewed and evaluated in the context of its influence on lag times. For
efficiency purposes, management activities aimed at influencing lag
times that can be integrated into management activities already planned
to achieve management goals (Box 2) are of special interest. As such, the
choice of general management approaches already results in different
frequencies of intervention points which offer opportunities to influence
lag times. For example, the choice between even-aged and uneven-aged
forest management will determine the frequency of stand tending entries
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and thus of opportunities to influence lag times (Fig. 2).
Investigating opportunities to implement activities aimed at influ-

encing lag times will benefit from considering the components of the
effective lag time as listed above and in Eq. (2). Lag time due to delays in
Detection can be shortened through changes in monitoring efforts. As
indicated above, such monitoring efforts for new pests, diseases or other
potentially invasive species should expand beyond forested areas, and
especially focus on early indicators, e.g., for species invasion on vectors
(Ruiz and Carlton, 2003), include different stages of plant or animal
development, and be continuously, e.g., not seasonally restricted. A
second option to avoid detection lag times due to misperception about the
relevance of events (Essl et al., 2015) requires education of the pro-
fessionals and the public. For example, the shift of emphasis from a
narrow focus on trees to a more integrative ecosystem view is one
example that has shifted the public's perception what factors are
important and critical in forest ecosystems, i.e., what should be moni-
tored for potential events. One example is the increased interest in studies
that investigate harvest or herbicide impacts on structure and functions
of communities and ecosystems, for example on insects (Cobb et al.,
2007). A third option to decrease the detection lag time is utilizing the
increased sophistication of detection and forecasting tools. For example,
systematic acoustic and camera monitoring may allow quicker detection
of new occurrences of animal species (e.g. Py�skov�a et al., 2016), and
global circulation models predict changes in climate, allowing re-
searchers and managers to “detect” potential changes and take appro-
priate action before the events actually occur (Trasobares et al., 2022).
Furthermore, new technologies allow better communication options,
e.g., through drone videos, and more efficient communication, both of
which should help to shorten decision lag times (Franklin, 1999).

The lag time due to delays in decisions of management practices can be
shortened in several ways. Ostrom (1990) suggests a flexible governance
structure which uses the bottom-up, instead of the top-down approach.
Major advantages of this approach in terms of decision lag times include
that quick communication between those with local knowledge and
decision-makers is more suitable to support timely decisions. In addition,
this approach results in a higher likelihood of political solutions and thus
avoidance of conflicts (Ostrom, 1990). Other suggestions to shorten de-
cision times include scenario analyses (Karjalainen et al., 2003; Kahane,
2012) or adaptive management strategies that describe critical thresh-
olds and subsequent management responses before-hand (Walters,
1986). In addition, or as a result of such efforts, having a strategy in place
under which conditions and how rules and regulations can be modified
or skipped will speed up decision processes.

Ensuring there is additional organizational or institutional capacity
that can quickly be mobilized and utilized when critical thresholds are
reached will help shorten implementation lag times. Agreements between
countries in the northern and southern hemispheres to share firefighting
resources are a prime example. Other examples include excess capacity in
nursery operations to increase the speed in which they can ramp up
seedling production after large forest dieback events. Alternatively,
increasing mobility of loggers and logging equipment de facto shortens
the time till salvaging trees takes place to prevent or reduce the buildup
of pest populations, for example by bringing loggers and equipment from
Scandinavia to harvest beetle damaged trees in Germany (pers. obser-
vation). Based on recent trends, increasing and diversifying the work-
force is likely to be critical in the future to ensure shorter implementation
(and decision) lag times. This can be accomplished by providing incentives
and education to ensure sufficient number of qualified forestry pro-
fessionals, including fellers, truck drivers, forestry and nursery managers,
mechanics, and other support staff.

Shorting the lag time for ecosystem responses is more difficult as this
component is a natural phenomenon inherent in ecosystem processes
playing out at a variety of scales and organizational levels, from geneti-
cally determined functional traits of species to ecosystem interactions
and dynamics (Guo et al., 2022). In the context of global change, any
activity that prepares ecosystems for disturbances and to better deal with



Box 2
Traditional management activities and their impacts on lag times.

As an example of natural resource management, forestry has a long history of utilizing management activities to increase the efficiency of
ecosystem service provision, mostly wood production, which can also be viewed as management efforts to shorten effective lag times. For example,
much effort is spent by foresters to shorten the reproduction periods and establish trees and stands quicker than would happen under natural
conditions (Shatford et al., 2007; Franklin et al., 2018). Similarly, establishing advance regeneration is a way to shorten rotations or to facilitate
forest recovery following disturbances. Basically, these practices result in a shortened ecosystem service lag time till forests provide ecosystem
services associated with minimum tree sizes or older forests (Bauhus et al., 2010). This is accomplished through artificial regeneration by col-
lecting seeds or propagules before the event (e.g., harvest) and storing them for quick availability (Duryea and Landis, 2012). As in other settings,
related management practices can shift the competitive advantage to the advance regeneration of selected crop species (Messier et al., 1999). For
example, underburning can improve regeneration of late successional species that are better able to sprout than early successional species (Barnes
and Van Lear, 1998; Dey and Hartman, 2005), but only when simultaneous overstory treatments created suitable growing conditions for these
species (Hutchinson et al., 2012). As an added benefit, established vigorous advanced regeneration basically eliminates the decision lag time, as
decisions and efforts to regenerate the disturbed sites have been made and put in place before a possible disturbance event. Even more critical may
be the elimination of the implementation lag time in place when logistic constraints prevent efficient reforestation. Examples include the lack of
nursery stock after large-scale tree mortality.

Seedling growth is accelerated compared to growth in unmanaged conditions by providing consistently better conditions for germination and
early growth by controlling weeds, water, nutrients, temperature, and light. This can be done either in the field, e.g., through harvest and site
preparation in the forest or in more controlled environments, such as in nurseries or greenhouses (Duryea and Landis, 2012). Another option to
shorten the effective lag time is through a suite of density management treatments. For example, pre-commercial and commercial thinnings are
aimed at accelerating growth of the remaining trees so they achieve target dimensions sooner (Ashton and Kelty, 2018). More recent interest has
resulted in a suite of management practices aimed at accelerating the development of late successional characteristics (Bauhus et al., 2009),
whereby the shortening of ecological lag time in terms of the different components of late successional structures and composition may require
different management practices (Puettmann et al., 2016). Opportunities for all these practices in regards to shortening effective lag times benefit
from the use of simulation models. For example, thinning operations can be scheduled based on simulation results, i.e., before competitive
conditions would have been “detected” and deemed sufficiently critical to justify treatments.

As ecosystems are dynamic, selected ecosystem services vary with successional or developmental stage, i.e., are only provided during limited time
periods. One can view the time after such a stage has passed till the ecosystem again develops to that stage as effective lag time. For example,
extending early successional conditions in stands (Donato et al., 2012) may be a better alternative to increasing the frequency of disturbances
(Swanson et al., 2011), as relying only on natural regeneration and/or limiting weed control will likely ensure longer early successional periods,
compared to typical planting practices (Donato et al., 2012; Palik et al., 2020). However, extending early successional conditions will increase the
effective lag times in other dimensions, for example regarding the provision of ecosystem services associated with large trees (Lindenmayer and
Laurance, 2017)

In terms of genetic considerations in response to climate change, assisted migration has received a lot of attention in forestry, as it is one way to
reduce effective lag times. The rationale for this approach is that the dispersal or migration speed of most tree species is too slow to keep up with
changes in climate (Aitken et al., 2008). Thus, foresters can actively move propagules to sites where these plants are genetically adapted to the
environmental conditions they are predicted to experience in the future (Aitken et al., 2008). While this appears to be ongoing on an informal
basis (https://seedlotselectiontool.org/sst/), more research is necessary to make this a globally reliable practice (Grady et al., 2015). The same
argument, i.e., reduced ecological lag time, can also be applied to actively encourage selected species mixtures, especially to include species that
appear better adapted to future climate conditions (see Liu et al., 2018 and citations therein). Other options to utilize genetics to reduce time lags
include to specifically select for traits, such as plasticity, drought tolerance, or tolerance to selected diseases in tree breeding and genetic engi-
neering programs (e.g., Powell et al., 2019), thus shortening the ecological lag time in comparison to relying solely on evolutionary forces.

Other trends that can lead to losses of ecosystem services include nutrient depletion after harvesting, especially in forest with short rotations and
whole or full-tree harvesting operations. In such settings, foresters have learned from agriculture and fertilize forests. Fertilization can be viewed
as shortening the effective lag time till nutrients are replenished (and a supportive ecosystem service is provided). In contrast, natural process, such
as mineral weathering, atmospheric input or decomposition of organic matter may not be sufficient to maintain productivity (Kimmins, 1997).
Also, fuel treatments can be viewed as accelerating decomposition by e.g., burning slash piles. Thus, such practices shorten the ecological lag time
till forests are not in a condition where live and dead vegetation contributes significantly to fire danger (Stephens et al., 2012). Similarly,
sanitation and salvage cutting accelerate development of conditions that are not suitable anymore for selected insects and diseases (Miscicki and
Grodzki, 2021).

Just as with silvicultural treatments aimed at increasing adaptive capacity, treatments to shorten lag time are more likely implemented if they can
be integrated into ongoing management practices applied to achieve typical ownership objectives, such as timber production, provision of habitat,
and recreational values (Puettmann and Messier, 2019). In this context, the typical frequency of management entries is critical (Fig. 2). Silvi-
cultural systems vary greatly in terms of the timing of entries, i.e., possibilities to influence lag times that are financially self-supported. For
example, typical even-aged management is characterized by several, often high intensity treatment to ensure stand establishment. After trees are
established and free-to-grow, the next entry may not be for a few decades, i.e., till the final harvest for species with relatively short rotations
(Fig. 2). For species with longer rotations, intermediate entries may include one or several thinning operations. In contrast, uneven-aged man-
agement is characterized by a more or less regular set of entries to tend the stand at relatively short time intervals. At the same time, these entries
can be a combination of practices that simultaneously lead to tree establishment, thinning-type density reductions, and final harvests in various
portions of stands. Such silvicultural systems not only require but also allow managers more frequent opportunities to shorten lag times using a
diverse set of silvicultural treatments and thus react quicker to changing environmental, social, and economic conditions (Fig. 2b). Thus, silvi-
culture approaches with frequent entries have great advantages in terms of flexibility in a changing environment in terms of adaptation, similar to
species with short turn-over times (Levins, 1968).
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Fig. 2. Frequency of opportunities for commercial entries that influence lag times in forests managed as even-aged forest (a) versus with partial harvest operations (b).
Modified from Kimmins (2003; a) and Franklin et al. (2002; b).
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climate trends increases their adaptive capacity (Puettmann, 2014) and
shorten the ecological lag time. This can be accomplished through a wide
variety of activities that have been organized in three groups: resistance,
resilience, and transformation (Millar et al., 2007) and more recently
using the Resist-Adapt-Direct concept (Schuurman et al., 2021). For
example, the ecological lag time can be shorted by encouraging the pres-
ence of a diversity of presumably more adapted plant species with a
special emphasis on the associated diversity of plant traits (Yachi and
Loreau, 1999) in stands (Neill and Puettmann, 2013) and/or in the
landscape (Messier et al., 2019). This may be controversial if it involves
working against selected ecosystem processes, native species and natural
patterns, as would be the case where the natural regeneration following
disturbances is dominated by tree species that are maladapted to changed
biotic or abiotic conditions. For example, conditions have changed in the
north-eastern part of the USA due to the presence of an introduced dis-
ease, beech bark disease, that kills larger Fagus grandifolia (American
beech). After such mortality, the natural regeneration of beech is very
prolific due to root suckers. The suckers will die before they can become
mature, but in the meantime they basically prevent establishment of
other tree species that are better adapted to a world with beech bark
disease (Runkle, 2007). In this example, relying on “natural” processes in
forests where the conditions have changed significantly leads to a longer
ecological lag time not only in terms of providing desired ecosystem ser-
vices (after accounting for ecosystem service lag time), but also in terms of
the adaptive capacity of these forests to global changes. Shortening the
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ecological lag time would require active removal of much of the regener-
ation of the maladapted beech through a combination of mechanical and
herbicide applications (Myers et al., 2023).

Forest managers have limited opportunities to directly influence the
ecosystem service lag time. The provision of ecosystem services is derived
from the “rebalanced” ecosystem structures and composition (ecosystem
service cascade; Zhang et al., 2022). Other professionals and aspects
related to the forestry sector are better suited in this regard. For example,
the ecosystem service lag time can be influenced by changing the expec-
tation of or need for the desired ecosystem services. For example, the
time till forests provide a certain level of income to landowners can be
shorted by subsidies, tax incentives, or payment for easements. Other
examples include removing damaged and dangerous trees after distur-
bances and thus allowing quicker safe access for the recreating public.
Alternatively, educational efforts may be helpful in shortening the
ecosystem service lag time if they change the expectation of the public, e.g.,
by creating acceptance that certain areas are unsafe and thus will not
provide previous recreational benefits for extended periods.

Impact of insufficient Information on the extent of the lag time can be
shortened by encouraging forward looking proposals and ideas, flexi-
bility in funding such as National Science Foundation Grants for Rapid
Response Research in the USA and institutional and endowed funds that
provide researchers with high flexibility. Capacity building also includes
ensuring sufficient research expertise, lab space, field sites, analytical
expertise, and procedures for efficient publication and distribution of
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results. Also, technological innovation, such as the ability to spread in-
formation via knowledge platforms, emails, and social media have the
ability to shorten the delay due to information needs. Several de-
velopments in the publishing business have resulted in quicker dissem-
ination of information, such as making pre-prints available or publishing
articles online before the actual journal comes out. Also, if robust simu-
lation models are in place, investigating hypotheses through modelling
can provide relative quick results compared to field studies (Rahn et al.,
2018).

4. What can we learn from the lag time discussion about passive/
active restoration?

Viewing lag time in a management context can contribute to discus-
sions about decisions whether to actively manipulate the forests or allow
ecosystem dynamics to play out in times of global changes, especially
after severe disturbances (active versus passive restoration, sensu Chaz-
don et al., 2021). As we expect increased impact of global changes
including increased frequency and severity of disturbances, managing
the detection, decision, and implementation lag times is becoming more and
more critical. In this context, the specific role of each desired ecosystem
service is important to consider. Here, the implications of the manage-
ment/no management choice on the length of the ecosystem service lag
time requires additional discussions.

In selected places, such as wilderness areas or nature parks, the main
management focus is often to avoid or minimize all influence of human
activities and presence and to allow natural development mechanisms to
play out on their own. As long as it was not or little influenced by
humans, any ecosystem condition is acceptable. Thus, the provisioning of
spiritual or cultural ecosystem services, in this case knowing that there is
a forested area where humans had no or little influence, is more impor-
tant than other ecosystem services. People obtain that benefit instanta-
neously when the decision is made, there is basically no ecological and
ecosystem service lag time. In contrast, in most multiple-use forests the
provision of other regulating, cultural, and provisioning ecosystem ser-
vices is part of the suite of management goals. Even in “protected areas”
the recent discussion about the long tradition and role of indigenous
forest management challenges the dominance of the benefits of having no
or little human impacts. In these cases, changes in environmental con-
ditions, ecosystem dynamics, or disturbances that are leading to condi-
tions that are less suitable to provide the desired suite of ecosystem
services suggest further discussion about the role of management in
terms of influencing effective lag times.

In the context of multiple ecosystem services, it is important to
consider that the provision of ecosystem services varies depending on
stand structure and composition (Zhang et al., 2022), and that the pro-
vision of many ecosystem services is higher in fully stocked stands and
when trees are of larger sizes, with notable exceptions (Bauhus et al.,
2010; Swanson et al., 2011). The dominance of the respective objectives
and the associated benefits of influencing the effective lag time is typically
driving decisions in managed forests after disturbances (Lindenmayer
et al., 2012). Furthermore, for this discussion it is important to separate
any management or restoration efforts into its individual components, as
they can have unique impacts on the length of ecological and ecosystem
service lag times. For example, managed post-fire recovery efforts can
include salvage logging, tree seeding or planting, and associated weed
control practices. One can view salvage logging as shortening the
ecological lag time by not allowing for processes such as wood decay, and
thus all associated ecosystem services to play out longer (Harmon et al.,
1986; Thorn et al., 2018). Tree seeding, planting, and weed control
practices will shorten the time till fully stocked stands of vigorous trees
are established (ecological lag time; Shatford et al., 2007) and thus all
ecosystem services associated with these types of stands are provided
(ecosystem service lag time), e.g., signficant carbon sequestration, habitat
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for large cavity nesters, and economic values (Bauhus et al., 2009). On
the other hand, weed control practices cut out specific processes and
conditions such as the ecosystem services associated with early succes-
sional stand structures and vegetation (Swanson et al., 2011; Donato
et al., 2012). For example, in southwestern Oregon the weed control
practice of removing deerbrush (Ceanothus integerrimus) in regeneration
efforts after fires shortens or eliminates the nitrogen fixation by that
species, resulting in lengthening the ecological and ecosystem service lag
time of nutrient provision to maintain productivity, a supporting
ecosystem service (Yelenik et al., 2013). This simplified description of
one example highlights the complexity of the management/no manage-
ment issue and how any decision is reflected in the length of effective lag
times.

Many traditional silviculture practices are set up so forest ecosystems
recover quicker from a disturbance (tradionally mostly harvests) and
thus avoid or minimize the effective lag time. Managing forests through
partial harvest and associated reforestation efforts to establish advance
regeneration is a prime example of a practice that shortens various lag
time components, including the ecological and associate ecosystem service
lag times after disturbance that damage or kill the overstory trees (for a
more detailed discussion see Box 2). In contrast, decisions to manage or
not manage can be aimed at extending the effective lag time through
management efforts that slow down or stop undesirable process that
interfere with the provision of desired ecosystem services. Examples
include reducing or restricting the movement of exotic insects, fungi, or
plant species that lead to tree mortality, e.g., through quarantine efforts
or establishing barriers by removing affected species (V�aclavík et al.,
2010). While such invasions may not be stopped, the practices that
extend the ecological lag time may allow managers to shorten imple-
mentation lag times (and allow the implementation of “softer” practices),
e.g., by establishing alternative species or resistant varieties, and thus
ensure the continuity of ecosystem service provision down the line. In
special cases, ecosystem conditions have changed to a point where
ecological lag times are lengthened through natural processes (also see
discussion about R. armeniacus above). In many forests, herbivory by
large ungulate browsers is preventing establishment of selected species
that are better adapted to future conditions (Angelstam et al., 2017;
Redick and Jacobs, 2020), e.g., Quercus species that are more drought
tolerant than current species (Niinemets and Valladares, 2006). In the
latter case, management efforts that lower herbivore populations and/or
protect seedlings from browsing (Anderson and Katz, 1993) can shorten
the ecological lag time and thus accelerate the development of the adaptive
capacity of forests. Other examples where management can shorten
ecological lag times include harvesting and regeneration practices that
encourage mixed-species forests by discouraging the potentially domi-
nant role of the natural regeneration of vulnerable species, e.g., Picea
abies (Norway spruce) in many areas in central Europe (Unkule et al.,
2022).

Alternatively, if shortening or extending the effective lag time is not
possible or sufficient, finding alternative ways to lower the expectations
and/or replace the respective ecosystem services may be necessary. In
such cases, the practices need to be part of the discussion about the de-
cision regarding active management versus no management as these
practices can be viewed as shortening the ecosystem service lag time till the
“recalibrated” demand for these ecosystem services is satisfied. Obvi-
ously, such discussion extends beyond the forestry sector itself and re-
quires a broader discourse about various social issues. Examples of
ecosystem services that influence a wide populace include the provision
of income, clean water, and wildlife populations and the expectations can
be addressed through subsidies, water cleaning facilities, or protecting
and establishing critical habitat for rare species in other places,
respectively.

These examples highlight the importance of the various dimension of
scale. Our discussion above is focused on forestry issues and at the stand
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level. Expanding the discussions to larger spatial scales and including the
social component of natural resource management will better reflect the
various dimensions involved in decisions whether to manage selected
settings. A better understanding of effective lag times will provide a more
solid basis for such decisions.

5. Conclusion

The longevity of trees and associated long time horizons of forest
management decisions related to the provision of selected ecosystem
services highlights that forest managers are aware of the importance of
time and timeliness in their management activities, especially in the
context of a world with an increasing pace of change. We conclude that in
a forestry context it is beneficial, maybe even necessary to go beyond the
ecological definition of lag time and consider additional aspects that
define when lag times start and end, specifically regarding the provision
of ecosystem services. Furthermore, breaking the lag time down into its
components highlights specific opportunities how to shorten or lengthen
lag times. The more detailed view also indicates that not only foresters
and other people in the forestry sector, but the public can influence lag
times as well. For example, researchers and decision makers can influ-
ence the lag time directly, for example through improved monitoring or
better information about potential impacts. Examples of indirect in-
fluences include administrators in research and management organiza-
tions who establish the capacity to respond quickly to changes. Examples
of people outside the direct forestry sectors include hunters, who can
shorten or lengthen lag times in relation to the development of forests
with high adaptive capacity by their role in influencing the population
levels of herbivores. Alternatively, adjustments of expectations by land-
owners and the general public can also influence effective lag times. We
conclude that consideration of lag times is not only relevant after
disturbance events, but becomes more critical and ever-present in the
context of forest management in times of increasing speed of global
changes (Hessburg et al., 2021). Last, the benefits of more purposeful
discussions of lag time are highlighted using the topic whether the best
strategy after disturbances is to let ecosystem processes play out on their
own (Leverkus et al., 2020), or whether active management is better
suited to ensure more rapid and more complete ecosystem recovery
(Jones et al., 2018).
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