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d Ecologia Evolutiva & Biodiversidade, Departamento de Genética, Ecologia e Evoluç ão/ICB, Universidade Federal de Minas Gerais (UFMG), Belo Horizonte, MG, Brazil

h  i g  h l  i  g  h  t  s

• References  are key  to restoration,
especially  in  highly  threatened
ecosystems.

• Optimal references  connect conser-
vation  and restoration.

• Small  remnants that  serve  as ref-
erences can  lead  to landscape-scale
benefits.

• A  detailed  habitat  classification is
needed for  adequate protection  and
restoration.

• Ensuring  optimal  references  protec-
tion will  benefit future  restoration
initiatives.
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a b  s t  r a  c t

Restoration  and  conservation  are linked  by  the  fact that restoration  can  help improving,  expanding,  or
connecting  protected  areas.  Here,  we  argue  that  conservation  can play a critical role for  restoration  by
targeting optimal references, i.e., areas  representative  of the  spectrum  of different habitats  to  be  restored.
In view  of high  rates of habitat loss  in  parallel  with  recently  established  ambitious  restoration goals, the
availability of adequate  references is of high  importance  to  restoration.  However,  not  always  the  best
possible  references  are  being used,  nor  are  they  prioritized  in conservation.  We discuss  the  need for
defining,  prioritizing, and  protecting  optimal  references  as  a strategic  approach  thus  we would  be  better
equipped to  tackle  current  and  forthcoming  challenges  in  conservation and restoration.
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Introduction

The  recent rise in commitments for the restoration of large
areas (e.g., Murcia et al., 2016; Crouzeilles et al., 2019; Fagan et al.,
2020) is an attempt to recover part of what has been destroyed,
and this recognition of the need for ecological restoration culmi-
nated with the designation of this decade (2021–2030) as the UN
Decade on Ecosystem Restoration (Cross et al., 2019). Well-planned
restoration can contribute to conservation success (Possingham
et al., 2015). This is  paramount in  regions with high levels of con-
version that suffer persistent habitat loss (Williams et al., 2020),
pushing ecosystems towards risky thresholds of representative-
ness and connectedness due to fragmentation (Wintle et al., 2019).
Often, these regions include small natural remnants, which are val-
ued by the restoration mindset (Young, 2000), but much less by
conservation (e.g., Wintle et al., 2019; Mangueira et al., 2021). In
addition to maintaining biodiversity, protected areas can serve as
relevant references for restoration, especially in a scenario where
natural ecosystems are changing rapidly as a result of climate
change.

Having appropriate reference ecosystems (i.e., natural or near-
natural ecosystems) as a  beacon in restoration practice is  what
distinguishes restoration from other engineering aimed at amend-
ing degraded areas (Fig. 1; Balaguer et al., 2014). Still,  reference
ecosystems have been taken as difficult to find (Higgs et al., 2014) or
even forsaken when admitting novel ecosystems (e.g., Hobbs et al.,
2009). Considering the use of references as facultative is  problem-
atic not only due to the risk of distorting restoration but also as it
“opens the door to impunity” when restoration is used as an offset
or compensatory measure (Murcia et al., 2014).

In the Global South, restoration and conservation face strong
limitations to their full application in  achieving pressing goals to
avert the global environmental crisis. Limitations include lack of
local research, enormous and unknown biodiversity, coarse ecosys-
tem classifications, poorly documented land use history, and high
degradation rates. Here, we explore these limitations to  argue that
restoration should be guided by  appropriate references, and that
these reference sites should be protected to ensure the possibility
of monitoring and evaluation as the site under restoration matures.
First, we present an overview on the key role of references in

restoration and propose the concept of optimal references. Second,
we discuss limitations in conservation planning that can negatively
affect restoration and address what could be done to  overcome such
limitations, especially considering optimal references. Finally, we
offer some perspectives and implications of finding and protecting
optimal references.

References and their contribution to  restoration

The SER Standards (Gann et al., 2019)  suggests the use of  a ref-
erence model, which expands the concept of reference ecosystems
to accommodate “predicted changes in  environmental conditions”
and would preferably be composed of various reference sites. A
reference model ideally comprises a  dynamic historic component,
by accounting for temporal change (Gann et al., 2019); this can be
provided by a  reference site  that is  maintained through time and is
subjected to internal and external factors acting locally (Balaguer
et al., 2014).  In other words, an appropriate reference ecosystem is
equivalent, close and contemporary to the ecosystem that occurred
in the restoration site. We acknowledge the conceptual distinction
between reference sites, ecosystems and models as proposed in
the SER Standards, and hereafter use references when referring to
reference sites: “an extant intact site that has attributes and a  suc-
cessional phase similar to  the restoration project site and that is
used to  inform the reference model”.

In practice, finding appropriate reference sites is becoming
increasingly difficult in many landscapes (Clewell and Aronson,
2013;  Gann et al., 2019), since original ecosystems are progres-
sively being altered (Williams et al., 2020). Hence, roughly three
situations may  be present in terms of availability of references:
(a) references are widespread near the restoration site, which may
even hold important characteristics from the original ecosystem
(Fig. 2A), (b) at least one reference is  regionally present (Fig. 2B), or
(c) no references are available (Fig. 2C).

When references are widely available, it is  possible to build
informed reference models that include information on spatial
variation. Additionally, reference sites in closer vicinity to the
restoration site may  act as propagule sources and contribute to
connectivity to the site  under restoration, improving the likelihood

Fig. 1. Decision tree for reference ecosystems indicating which would be considered optimal references (modified from Gann et al., 2019).
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Fig. 2. Importance of reference sites for restoration. The likelihood of restoration
success corresponds to  reference availability. When optimal references (light green)
are widely available, restoration at the restoration site (red) is  facilitated and the
site  can be restored (dark green) (A). When there is  at least one optimal reference,
however small, restoration is also facilitated and the site can  be restored (B). Without
an  optimal reference, the process of building a reference model is hampered and
restoration risks failing (orange) (C).

of success (Fig. 2A and B). In  degraded areas that still hold enough
elements (e.g., seed banks, vegetation remnant areas) from the orig-
inal ecosystem or are closely connected to  conserved sites, natural
regeneration (passive restoration) is  possible and may  even present
better results than after active restoration (Crouzeilles et al., 2017).
Situations like these are unfortunately rare in landscapes strongly
affected by human use (Arroyo-Rodríguez et al., 2020). Previous
experiences of restoration without references were mostly limited
to small areas with low degradation levels and relied on practition-
ers’ experience in local natural history who  helped planning the
project, and extended maintenance period (Clewell and Aronson,
2013).

In highly degraded regions, references are scarce and each ref-
erence holds great relative value (Fig. 2B). In the worst cases,
degradation levels in  restoration sites are so high that references
are regionally absent, which demands higher effort in building a
reference model (Fig. 2C). In this case, reference models might
rely solely on secondary sources of information such as paintings,
site descriptions, or even palynological and archeological records
(Clewell and Aronson, 2013; Gann et al., 2019). Of concern is that
such kind of information and aid is seldom available and can
be costly. For regions with important gaps in ecological knowl-
edge, notably the case in  the tropics (e.g., Laurance and Edwards,
2011), the use of secondary information includes a high risk of
overlooking the still unknown biota. Additionally, the scarcity or
absence of references means landscape scale dynamics is  impaired
and higher maintenance efforts are necessary, which also trans-
lates into higher costs. Ultimately, restoration without a reference
ecosystem is likely to fail, either structurally or functionally.

It has been suggested that historical references are obsolete
(Hobbs et al., 2009). This perspective is related to the novel ecosys-
tems concept (Hobbs et al., 2006),  suggesting that new sets of
abiotic and biotic components will interact and prevail in ways that
will profoundly differ from historical ones. This view has been crit-
icized as being potentially harmful by ‘sending conflicted messages
to governments worldwide’ before appropriate scientific scrutiny
(Murcia et al., 2014). Especially for regions characterized by severe

Box 1. Common issues on selecting reference sites and
suggested solutions based on optimal references

Appropriate reference ecosystems are often unavailable,
unattainable, or inappropriate, which can hamper the suitabil-
ity of  a  reference model. Most common reasons related to
issues when building reference models are:

1) Selection procedures could have been unclear and may
have led to the selection of sites with contrasting ecological
conditions to those of  the restoration site (Fig. I–1a);

2) Current environmental condition and/or quality of the sites
chosen as references is  deficient, e.g., due  to  inadequate
conservation states (Fig. I-2a);

3) There are constraints on the state of the restoration site
that  could not be removed despite restoration efforts,
which means that the restoration reference state cannot be
achieved, i.e., goals are unrealistic (Fig. I-3a);

4) Well-conserved sites that can be used as references do not
exist anymore, and only sites with limited similarity to the
restoration site are available (Fig. I–4a).

These limitations can be overcome: if reference sites were
more evenly distributed in space (as to include variability) and
close to  sites needing restoration (Fig. I-1b), problem 1 can be
solved. If reference sites were included in some kind of  Pro-
tection/Conservation Area (Fig. I-2b), problem 2 can be solved.
Problem 3, while also presenting a mismatch between restora-
tion and reference sites, is mostly related to the degradation
state of  the site to  be restored; in these cases, after restorative
activities are put into practice (Fig. I-3b), the restoration site
could potentially even serve as a source of  propagules and
thus contribute to  restoration at the landscape scale. Problem
4 cannot be solved in highly altered landscapes; however, if a
sufficient portion of natural habitat were to  be placed under a
conservation scheme envisioning future scenarios that include
restoration, this problem could be avoided for the future (Fig.
I-4b). This makes effective conservation planning a key con-
dition for construction of appropriate restoration models and
thus successful restoration in the future.

limitations for restoration and conservation such as most of  the
tropics (discussed in  the next section), the novel ecosystems con-
cept should be used with caution (Murcia et al., 2014). So far, the
existing references actually represent capital sources of informa-
tion to guide restoration in those regions in  order to achieve proper
restoration scaling up  (Murcia et al., 2016). Such references, instead
of being disregarded by being ‘increasingly hard to find’ (Higgs
et al., 2014), should indeed receive special attention in  order to
be protected.

Optimal references

One way to guarantee that appropriate references are available
when needed starts with defining such references preemptively
and protect them as an investment for the future. Therefore, we pro-
pose the concept of optimal references in  ecological restoration.
Basically, it corresponds to the two  initial steps in  the decision tree
for reference ecosystems suggested by the SER Standards, but we
emphasize that ideally the reference should be spatially close to the
restoration site (Fig. 1). Optimal references are sites in  reasonable
states of preservation that are representative of one or more ecosys-
tems occurring in a  region, hold native ecological characteristics,
and have only eventually undergone some, and usually minor,
changes in composition or  structure due to land use and other
external factors (Fig. 2A and B). Of course, the decision whether a
site is in fact an optimal and appropriate reference can only be made
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Fig. I. Suggested applications of optimal references to overcome common issues when selecting reference sites. Selection procedures are unclear due to the absence of
appropriate references close to the restoration site (1a), which could be avoided with spatially distributed references (1b). References exist but are in a  degraded state for not
being  protected (2a), should thus be under protection (2b). Constraints at  the restoration site might impede restoration (3a), thus restorative activities should be implemented
(3b).  The absence of references, chiefly in highly altered landscapes (4a) should be avoided through especial assessment of the risk of losing references in landscapes under
high  land use change pressure (4b).

in consideration of a specific restoration site; otherwise, it is solely a
remnant ecosystem. Importantly, both appropriate reference sites
and optimal references are sites rather than models. The difference
between sites and models appears to be subtle (Fig. 1), but sites are
physical whilst models are normally sets of information. Therefore,
assuming optimal references are  sites can help bridge restoration
and conservation: in order to have appropriate optimal references
in the future, we need to protect them now. As we do  not know
today which sites will be needed in the future, we  today need to
guarantee the protection of the diversity of habitat types in  a  given
landscape (see Box 2).

Integrating conservation and restoration to safeguard

optimal references in key regions

Tropical regions still harbor a  considerable amount of  excep-
tionally or relatively intact terrestrial ecosystems (Williams et al.,
2020), but many of them suffer rapid land use change and
degradation (e.g., Overbeck et al., 2015; Fernandes et al., 2020).
Additionally, restoration and conservation share at least two
important limitations in  the tropics. First, tropical regions har-
bor a large portion of the global biodiversity, which until today
remains relatively unknown (e.g., Laurance and Edwards, 2011).
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Box 2. Example: hypothetical representation of  protection
currently required by law and expected considering optimal
references using the Brazilian Cerrado

The Cerrado, occupying ca. 2,2 million km2 (equivalent to
the area of Mexico), is located in Central Brazil. Vegetation is
a mosaic of savannas, grasslands and forests, with 25 distinct
vegetation types (Ribeiro and Walter, 2008).  An estimated 50%
of Cerrado area was  converted, 20% remains undisturbed, and
only 9% is legally protected (Pacheco et al., 2018).

Brazilian regulations limit use of  natural ecosystems in pri-
vate  properties. In the Cerrado, 20% or 35% (when in the legal
Amazon) of the property must remain as Legal Reserve (LR),
i.e., cannot be converted to other land use (Fig. II-a), along
with additional portions of  the land to be protected around
waterbodies, mountaintops, and springs (Fig. II-b). Yet, few
requirements encompass specific biological features such as
threatened ecosystems or habitats.

We represented a simplified arrangement of habitat types
in a hypothetical property (Fig. II-c). In reality, many properties
in the Cerrado are very large and thus likely harbor a  range of
habitats. Regulations are silent in designating which portions
of a property should be defined as LR – there is  even room
for ex situ compensation that enables virtually 100% land con-
version (Freitas et al., 2017). By taking optimal references into
consideration (Fig. II-d), the decision where the LR should be
placed should lead to substantial benefits for conservation.

In Fig. II-e, we present a hypothetical worst-case scenario of
virtually no connectivity between non-converted areas. Yet, if
habitats are regionally distributed as in Fig. II-f, certain habitat
types would be completely converted. Taking optimal refer-
ences into account, the spatial refining of value among areas
is expected to reconfigure conservation options and probably
add a further layer of legal requirements.

The choice on areas to keep as LRs is, in  the current practice,
usually biased towards forested ecosystems (Overbeck et al.,
2015). Therefore, if  we take habitat type 1  as a forested ecosys-
tem, it would likely be focused on prioritization schemes,
leaving other habitat types aside (and  under no protection).
Under a worst-case scenario, overlooked habitat types could
eventually be regionally rare and the lack of  optimal refer-
ences can hinder restoration in the future. Considering optimal
references is  expected to leverage such limitations at the land-
scape scale with considerable contributions to  conservation
and  restoration.

Therefore, we risk overlooking unknown biodiversity when restor-
ing an area, as has also been reported for conservation (El-Gabbas
et al., 2020). Second, research on ecological restoration in  tropi-
cal countries is dismally insufficient to inform restoration planning
and implementation needs, even though specific regions may
be more advanced, as exemplified by the Brazilian Atlantic For-
est and Costa Rica (Crouzeilles et al., 2019; Fagan et al., 2020).
These limitations lead to an array of technical difficulties when
implementing restoration in the tropics (detailed in  the previous
section, see also Box 1). Therefore, every potential tool and infor-
mation should be  used to properly restore tropical ecosystems,
and strengthening the integration between restoration and con-
servation is a promising way (Possingham et al., 2015; Young,
2000).

Global conservation initiatives are currently under review for
the establishment of post-2020 targets (Visconti et al., 2019).
Overall, vast protected areas were delimited in the last decades
throughout the globe, even though biodiversity gains have been
questioned (Barnes et al., 2018; Wintle et al., 2019). Biodiver-
sity risks having limited focus in  conservation prioritization since
the selection of protected areas has mainly given an overesti-
mated value to reducing opportunity costs (Zwiener et al., 2017;

Barnes et al., 2018; Baldi et al., 2019; Wintle et al., 2019). Con-
sequently, reserve networks are usually composed of  a  restricted
set of places away from populated areas and with low commercial
value (Margules and Pressey, 2000; Barnes et al., 2018; Wintle et al.,
2019). Heavily transformed regions where few patches remain
(either protected or not) are not considered for conservation efforts
(Baldi et al., 2019; Wintle et al., 2019; Zwiener et al., 2017).

Although reserve networks often overlook small remnants,
protecting them can effectively contribute to the preservation
of ecosystems/habitats (Kattan and Alvarez-López, 1996; Tulloch
et al., 2016; Wintle et al., 2019), ultimately reducing the risk of
entire ecosystems collapsing (Keith et al., 2015). Small remnants
are subjected to clearing without much regulatory constraints in
several countries (Tulloch et al., 2016; Box 2)  although they often
represent a significant portion of ecosystem remnants (Tulloch
et al., 2016; Mangueira et al., 2021). This is probably the case in
the Atlantic Forest where 12% of the original area is  left, mainly in
clusters of larger remnants far away from populated or arable areas
or in small, scattered fragments (Zwiener et al., 2017). Although
the conservation value of such remnants might be  disputable due
to fragmentation (Fahrig, 2019), they can be beneficial at the
landscape scale (Kattan and Alvarez-López, 1996; Young, 2000;
Tulloch et al., 2016; Wintle et al., 2019; Arroyo-Rodríguez et al.,
2020; Mangueira et al., 2021). As  for restoration, small remnants
are expected to harbor important information through ecological
memory that can function as references (Balaguer et al., 2014)  and
contribute to  future restoration initiatives, especially for initiatives
intended to  restore areas of similar size in their vicinity (Fig. 2B).
Therefore, small remnants often match the optimal references con-
cept we propose here; evidently, large remnants match the optimal
references concept as well, though they are  more likely to  be pro-
tected (e.g., Baldi et al., 2019).

Restoration prioritization studies have increased in number,
including an assessment of global priority areas for restoration
(Strassburg et al., 2020,  but see Fleischman et al., 2022, for cri-
tique). However, such large-scale exercises do not  capture –  and,
thus, fail  in prioritizing – ecosystem representativeness: Strassburg
et al., 2020 separated ecosystems into only five types. The incipi-
ent knowledge on ecosystem types especially in tropical regions
is an important limitation in  conservation and restoration plan-
ning (but see Keith et al., 2022). For instance, the understanding
of ecosystem and habitat types was fundamental in  the establish-
ment of the Natura 2000 network in Europe (Campagnaro et al.,
2019). In contrast, not having a  clear idea on ecosystem repre-
sentativeness can lead to the loss of unique ecosystems before
they are even characterized, classified, or  studied in more detail
(e.g., Rupestrian grasslands in Brazil, Fernandes et al., 2016,  2020).
For restoration prioritization, as exemplified for Colombia, Etter
et al. (2020) showed that when the recently released IUCN Red  list
of Ecosystems is  considered, there is only 12% overlap with the
priority areas for restoration selected by the National plan. With-
out addressing ecosystem representativeness, we risk, in ecological
restoration, homogenizing ecosystems in  the highly diverse tropi-
cal region (Holl et al., 2022),  with serious future consequences for
biodiversity, species survival and ecosystem services provisioning.

Perspectives and implications

Optimal references are likely to contribute significantly to the
restoration process in  contrast to the use of suboptimal references
or  even not using any reference ecosystem. This is remarkably
relevant in  light of major limitations for tropical restoration and
conservation addressed here, as conservation of small remnants in
highly transformed landscapes becomes a priority to  ensure the
future of restoring those landscapes.
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Fig. II. Comparison of current protection imposed by regulations and suggested protection based on habitat classification that would guide the application of optimal
references in restoration -  exemplified for the Brazilian Cerrado. Current protection is illustrated in a  and b for the scale of a single private property: general norm for private
properties within the Brazilian Cerrado (a); example of two features considered by norms, considering the property does not  comply with legal terms that allow deducting area
protected by the features (b). For the  consideration of optimal references (c and d), a detailed habitat classification is needed, as illustrated in (c); taking habitat classification
into  consideration, areas protected based on  optimal references could be set as in (d). At  the landscape scale, hypothetical application of current norms regulating land use
in  six private properties (rectangles) are illustrated in (e), contrasted with habitat distribution obtained with a more detailed classification (f). For simplicity, in (e) and (f)
we  did not represent eventual features that would require additional protection.

In this context, strategic approaches are necessary, especially
in highly degraded regions. Prioritizing the protection of reference
areas can be integrated into the design and management of reserve
networks. In order to supply the prioritization of optimal references
protection, we highlighted the importance of creating detailed
ecosystem classifications where they are lacking and developing
approaches such as the IUCN Red List of Ecosystems (Keith et al.,
2015, 2022; Etter et al., 2020). This would also allow selecting
optimal references for conservation (and later guiding restoration),
specifically for different habitat types.

In summary, defining and protecting optimal references is
part of a strategic approach to tackle current and forthcoming
challenges in conservation and restoration. Therefore, it deserves
consideration from the scientific community, practitioners and
decision makers.
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