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In restoration ecology, the search for key variables which allows an informative and concise diagnosis
on areas undergoing restoration is still a challenge. Choosing which indicators to use is a fundamental
decision when proposing monitoring of any restored area. Here, we have aimed to contribute with the
selection of key indicators by identifying plant parameters that are useful to assess restored areas in
using a 5-year-old rehabilitated riparian forest as a case study. Initially, we used 14 descriptors to assess
the ecosystem attributes of structure, diversity and ecological processes, and then we conducted a model
selection to identify variables that best explained the restoration success (defined as the richness of native
tree species). Our final model contained six parameters: native tree species (the response variable), native
and exotic species of other life forms, basal area, tree density, and canopy openness) and an adjusted R?
of 92%. As the predictive model doesn’t contain variables related to ecological processes, we included
seedling recruitment or litterfall production to evaluate this attribute. The selected indicators evidenced
that the tree layer has yet to develop and accumulate biomass, the forest has been enriched by species
of other life forms (although many of them were exotic and invasive), and exotic tree and shrub species
were dominating seedling recruitment. Such a scenario is likely to occur because the forest is located
in an anthropogenic region, and highlights the importance of conserving remnant areas as propagule
sources. We suggest some managing actions for the area, and conclude that not all measured indicators
were necessary to facilitate good vision about the studied forest (because many had collinear responses),
which may be important for directing other monitoring projects and save time and money.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction some studies have been trying to find indicators that better eval-

uate restoration success; for example, litterfall structure, species

Ecological indicators play an important role in monitoring,
evaluating and managing (Lin et al., 2009) both natural remnant
ecosystems, or sites undergoing restoration. Ecological indicators
are an attempt to avoid complicated measures and reduce ecosys-
tem complexity, selecting simple parameters that can lead to
satisfactory representation from a complex relationship (Miiller
and Lenz, 2006). In ecological restoration, indicators are generally
used after project implementation, aiming to understand the cur-
rent situation of the area, and to verify if some type of intervention
is needed to accelerate the restoration process (Martins, 2011).

The discussion over the use of monitoring indicators has been
increasing, mainly considering the requirements for establishing
good parameters (Rodrigues and Gandolfi, 1998). In this sense,
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richness of plants, birds and ants (Ruiz-Jaén and Aide, 2005),
canopy cover, basal area, and seedling recruitment (Suganuma and
Durigan, 2015), etc. Even so, establishing key monitoring indicators
is a challenge because implementing many parameters is expen-
sive and does not always reach a proper/effective diagnosis of the
area under restoration (Brancalion et al., 2012). Nevertheless, at
the same time that monitoring indicators are desirable, it is hard
to select which parameters to use due to (1) the complexity and
individuality of each ecosystem and (2) because there are many
indicators available.

Here, we address the problem of which indicators to use for
monitoring areas undergoing restoration. We used a lot of plant
indicators to evaluate a newly restored riparian forest in south-
eastern Brazil and then asked: Would it be necessary to use all the
descriptors to make a good diagnosis of the area? Could some of
them be removed? Which are collinear? Which indicators should be
used? This study aimed to contribute to selecting key indicators for
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Fig. 1. Location of the studied area at Das Velhas River in Minas Gerais State, southeastern Brazil, detailing the anthropogenic region where the forest is located (A), and the
three buffer zones where permanent parcels were installed (B). Font: Google Earth 2015, images date: 6/30/2012.

monitoring areas undergoing restoration by identifying the “best”
plant attributes from a set of variables taken from a five-year-old
riparian forest.

2. Material and methods
2.1. Studied area

We studied a forest at the Das Velhas River, a watercourse located
in the middle of Minas Gerais State in southeastern Brazil and con-
sidered the largest tributary of the Sao Francisco River (Polignano
etal.,2001). Its water sources are in the municipality of Ouro Preto,
and its margins become highly urbanized after some kilometers.
This is mainly into the metropolitan region of Belo Horizonte where
the river is strongly degraded, although it is the main water course
of the region (Polignano et al., 2001).

The studied forest is situated downstream of highway bridge
BR-381 between the municipalities of Belo Horizonte and Sabara
(Fig. 1A). The climate of the region is tropical with two well-defined
seasons (a rainy season from November to April, and a dry season

from May to October), with an average annual maximum tempera-
ture of 27.2°C, a minimum temperature of 17.9°C, and an average
annual rainfall of 1549.8 mm (INMET, 2016-monthly data from
1986 to 2016, except 1987).

The forest belongs to a Program called the Manuelzdo Project for
the revitalization of the Das Velhas River, which is being developed
by the Federal University of Minas Gerais (UFMG). The studied area
has aslaughterhouse and a residential district around it,and in 2007
due to problems caused by deforestation, siltation and erosion of
the riverbanks, a flooded forest (among other actions) of approxi-
mately 0.5 ha was implanted in the area aiming to stop soil erosion
and reduce risks to nearby residents (Fig. 1A).

First, the area was cleared. Then some physical barriers made
of rocks and wood were installed along the watercourse and the
ground was leveled, keeping an elevational difference from the
watercourse to 50 m at the margin. The restoration method was by
total planting (2 x 2 m)and a model of buffer zones based on Schultz
etal.(2004) was used to create ariparian forest. In this model three
zones are implanted, each one with different species composition
and function, namely: zone 1 - an unmanaged area adjacent to the
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Fig. 2. Photos of the studied area at Das Velhas River in southeastern Brazil taken in the dry (A) and rainy (B) seasons. The studied area becomes partially flooded due an
elevational difference. Images kindly provided by Dr. Maria Rita S. Muzzi, Federal University of Minas Gerais.

Table 1

List of species used in the rehabilitation project in a riparian forest at Das Velhas River, Sabard, Minas Gerais State, Brazil. Modified from Londe et al. (2017).

Planting zones Planted species

01 Croton urucurana Baill.+
Erythrina verna Vell.{
Eugenia uniflora L.
Inga edulis Mart.t
Inga vera Willd.t
02 Anadenanthera peregrina (L.) Speg.t

Centrolobium tomentosum Guillem. ex Benth.f
Handroanthus impetiginosus (Mart. ex DC.)

Mattost
Hymenaea courbanil L.t

03 Acrocomia aculeata (Jacq.) Lodd. ex Mart.f

Cecropia sp.t

Ceiba speciosa (A.St.-Hil.) Ravennat

Machaerium hirtum (Vell.) Stellfeldt
Machaerium sp.t

Arachis pintoi Krapov. & W.C.Greg.t

Helianthus annuus L.§

Miconia sp.t

Herbs (general area)

Psidium guajava L.*

Psidium rufum Mart. ex DC.1

Miconia sp.t

Morus nigra L.§

Myrsine sp.t

Inga edulis Mart.t

Luehea grandiflora Mart. & Zucc.t
Piptadenia gonoacantha (Mart.) J.F.Macbr.{

Mimosa bimucronata (DC.) Kuntzet
Peltophorum dubium (Spreng.) Taub.}
Samanea tubulosa (Benth.) Barneby &
J.W.Grimes}

Sterculia sp.f

Piper umbelattum L.{

Stylosanthes guianensis (Aubl.) Sw.{
Tradescantia sp.f

Legend: *Naturalized/{Native species of Minas Gerais State/{Native from Brazil but not of Minas Gerais/§Exotic. Species classified according the List of Species of the Brazilian

Flora (2016).

water body for tree preservation (10 m width); zone 2 - an inter-
mediary managed zone with woody species (21 m); and zone 3 -
a buffer area for soil management farther from the watercourse
(15m) (Fig. 1B). Approximately 480 seedlings of 23 native shrub
and tree species, two exotic fruit trees and six herbs were planted
in the total area (+£0.5ha) (Table 1). This area becomes partially
flooded during the rainy season due to the elevational difference,
as shown in Fig. 2. The forest has flooded twice through the period
of study; once in December and once in January.

2.2. Experimental design and statistical procedure

In order to know the current situation of the rehabilitated
forest, we randomly installed 15 permanent parcels of 100 m?
each (10 x 10 m) into the area with five parcels per planting zone
(Fig. 1B), and monthly visits were conducted for data collection
from November 2011 to October 2012. In total, we measured 14
indicators (Fig. 3A), and they were classified according to three
ecosystem attributes (Ruiz-Jaén and Mitchell Aide, 2005). We chose
these indicators because they are relatively simple to measure
and commonly used to monitor areas under restoration in Brazil
(Martins, 2011) and other countries (Ruiz-Jaén and Aide, 2005). For
a detailed description of how each indicator was sampled, please
see Supplementary material A.

We then conducted a model selection to identify the key indica-
tors for the studied area. First, we used Anderson-Darling tests to
assess the normality of data (only the data of seedling density was
log-transformed), and then we constructed a linear model with the
additive combination of all (14) indicators, using the native tree

species richness as the response variable. This variable is gener-
ally used as a proxy for restoration success because it reflects the
establishment of the planted saplings (Young, 2000).

We submitted the full model to stepwise regression using an o
(alpha)=0.15 as the cut-off value to find the best subset of predic-
tor variables that explained the collected data (Zuur et al., 2007).
We also performed variance inflation factor (VIF) analysis to ver-
ify multicollinearity between predictor variables, and those with
collinearity (VIF>3) were removed from the model. We chose the
model with the highest adjusted R? in which P-values were signif-
icant for all variables and having no collinearity between them as
the most parsimonious (Zuur et al., 2007; Logan 2010). Finally, we
created scatterplots with multiple regressions to explore relations
between the selected variables (Logan, 2010). We ran all statistical
procedures in Minitab 17.1.0 software (Minitab, 2013).

3. Results
3.1. Vegetation structure

In total, we registered 219 live trees and one dead tree with a
mean height (+ standard deviation) of 5.4 + 1.8 m, and mean DBH
7.3 + 4.4 cm. Tree density and total basal area were 470.09 ind./ha~!
and 12.6m?/ha-!, respectively. Regarding seedling density, we
recorded a mean density of 0.13ind./m?2, however most of them
were from exotic and invasive species (mainly Leucaena leuco-
cephala and Ricinus communis).

Analyzes of hemispherical photographs demonstrated that
mean canopy openness in the rainy season was 23.7 +4.7% and LAI
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Fig. 3. Diagram illustrating the set of plant indicators, distributed according three ecosystem attributes, used to evaluate a five-year-old riparian forest at Das Velhas River
in southeastern Brazil (A). Through model selection the number of indicators was reduced to six and we suggest to use at least one more to assess the ecological processes
(B). These indicators might be considered the “best” parameters to assess the restored forest.

was 2 + 0.4, whereas in the dry season canopy openness increased
to 38.8 +7.7% and LAI decreased to 1.4+ 0.4. The mean of the two
seasons was 31.3 £ 3.7% for canopy openness, and 1.7 - 0.2 for LAIL

3.2. Diversity

We registered 27 tree species; 18 of them were identified until
species level, two until genera, and nine couldn’t be identified. Of
the total identified tree species, 13 were native and five were exotic.
Moreover, we found a total of 84 species of other life forms: four
shrubs, 73 herbs, six lianas, and one parasite. Of these species, 43
were native and 18 were exotic (Supplementary material B).

In total, we classified 65% of the identified species as weeds
(Supplementary material B). Between exotic species, some such as
the trees Leucaena leucocephala and Tecoma stans, and the herbs
Megathyrsus maximus and Cenchrus purpureus are highlighted due
to their invasion potential.

3.3. Ecological processes

We estimated a total annual litterfall production of
8.4Mgha~lyr-! with two productivity peaks: one in the end
of the rainy season (April) and another more pronounced in the
middle of the dry season (August). Litterfall was composed of 65%
leaves, 17% twigs, 16% reproductive structures, and 2% of other
components.

Regarding seedling recruitment, we recorded 192 individuals,
but they belonged to only 13 species. There was a dominance of
exotic and invasive species. For instance, Leucaena leucocephala
seedlings represented 41% of the total and Ricinus communis rep-
resented 37.5%. Among native species, only Croton urucurana had a
higher contribution to recruitment (7.8%), but with low frequency
(only occurring in two plots).

We registered 87 species in the seed bank experiments, and
88.5% of them were herbs, 8% trees, and 3.5% lianas. Among iden-
tified species (n=68), 53% were native and 47% were exotic, but
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Fig. 4. Graphs and equations resulting the regressions done between native trees’ species richness and other indicators picked out in the model selection. Data obtained in
the assessment of a five-year-old riparian forest at Das Velhas River in southeastern Brazil.

53% were classified as weeds. Species common to three seed banks
represented 19.5% of the total species richness, with only three
tree species; Croton urucurana, Mimosa bimucronata (natives), and
Tecoma stans (exotic).

We collected 553.10g of seeds in the seed rain experiment,
where January and July were the most productive months (133 g
and 94 g, respectively). In total, 642 plants emerged in the boxes
and represented 10 species: four indigenous (Begonia sp., Croton
urucurana, Ipomoea cairica, and Mimosa bimucronata), five exotic
(Leucaena leucocephala, Melia azedarach, Mucuna pruriens, Ricinus
communis, and Tecoma stans), and one undetermined. Regarding life
forms, half of the species were trees and dominated the samples;
only R. communis was classified as a weed.

3.4. Selection of key-indicators

In total, eight variables were removed from the model selec-
tion because they presented multicollinearity: viz, canopy height,
seedling density, exotic tree species richness, total species richness
of other life forms, seedling recruitment, litterfall production, seed
bank and seed rain. Thus, our final model contained six variables
(one response and five predictors) (Fig. 3B), and the equation is as
follows: Native tree species=6.51 —0.387 Native species of other
life forms +0.234 Exotic species of other life forms - 0.001 Basal
area+36.71 Tree density — 0.122 Canopy openness. This predictive
model had an adjusted R? of 92.14%, and there was a positive rela-
tion between native tree species with basal area, tree density and
canopy openness; and a negative relation with native and exotic
species of other life forms (Fig. 4). We included two possible indi-
cators to evaluate ecological processes, as the final model did not
contain any variable related to this attribute (Fig. 3B).

4. Discussion

We started with a total of 14 indicators and selected seven (con-
sidering only one of the two related to ecological processes) as

good predictors of restoration success. Regarding structure indica-
tors, canopy openness showed that the forest had good shade cover
(about 70%). This is a value used as reference for canopy structuring,
for example in evaluating forests under restoration in the Atlantic
Forest in Brazil (PACTO, 2013). This indicator has significant effect
on the understory, influences regeneration dynamics and acts as a
biodiversity filter on the plants which attempt to regenerate under
it (Gandolfi et al.,, 2007). In our study, the (weak) positive rela-
tion between species richness of native trees and canopy openness
might be a result of species identity; maybe the planted trees do
not produce large crowns, so canopy openness does not decrease
even when increasing species richness.

With respect to tree density, it may be a useful indicator of how
many planted individuals had success and established in the area,
at least in the first years after planting. In our case study, about 480
ind./ha~! were planted in 2007 and currently 470 ind./ha~! are reg-
istered, indicating that some planted individuals died during this
period. In fact, a floristic and phytosociological analysis showed
that some species disappeared from the area and others were found
with few individuals (Londe et al., 2017). The other selected indi-
cator of structure (basal area) is an important indicator of biomass
accumulation (Chiba, 1998), and our studied forest had a total basal
area similar to another three-year-old riparian forest under restora-
tion at the Medium Paranapanema Valley, Sdo Paulo, Brazil (Melo
and de Durigan, 2007). Both indicators may show evidence that the
studied forest has yet to structurally develop, and point out that
species richness might positively influence the density and basal
area.

The diversity indicators revealed vital information about the
forest’s species composition. Using the response indicator (native
trees’ species richness), we could verify which planted species have
settled and which have not settled in the area, and possibly make
practical recommendations for future restoration projects in areas
that have a similar species composition. Plants that have estab-
lished (for example Piptadenia gonoacantha and Erythina speciosa)
have features which permitted them to make it through local eco-
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logical filters (floods and interspecific competition, for instance)
and survive. On the other hand, species such as Acronomia aculeata
and Hymenaea courbaril, although being recommended for recov-
ering riparian forests (Martins, 2011), were not successful in
colonizing the area.

Interestingly, the total species richness of other life forms was
not selected in the final model, but the richness of native and exotic
species were separated. This might reinforce that species classifi-
cation regarding their origin is a relevant issue when working with
floristic composition. Represented mainly by herbs, the richness of
native and exotic species of other life forms evidenced that the for-
est has been enriched by species of external sources, however there
were many exotic and weed species because the site is located in an
urban region. Even some species among the native ones are consid-
ered invasive and aggressive, for example Ageratum conyzoides and
Solanum americanum (Lorenzi, 2008). It has been recognized that
riparian forests connected with open areas are highly susceptible
to colonization by exotic and invasive species, and others of low
conservation interest (Bowers and Boutin, 2008). Moreover, these
findings highlight the importance in conserving remnant ecosys-
tems in order to contribute to native species propagating areas
under restoration.

There are many problems related to the presence and abundance
of exotic and invasive species (suppression of native vegetation,
increasing the risk of fires (mainly grasses), for example) and they
might compromise restoration success (Lamb and Gilmour, 2003).
Althoughitis difficult to affirm that there is a cause-and-effect func-
tion, this may be an explanation for the negative relation between
the increase in species richness of other life forms and the decrease
in the number of native tree species.

The richness of exotic trees was not included in the final model;
however, this information is very useful for making management
decisions. Classifying trees as native or exotic is an easy task once
they have been collected and identified, and such classification is
recommended. We also suggest that at least one indicator of eco-
logical processes should be evaluated to give a broader vision about
the forest under restoration. In this sense, seedling recruitment is
a good option because this process is responsible for adding new
individuals into a community, thus affecting its composition and
dynamics (Ribbens et al., 1994),and it has been highlighted as a key-
indicator as it expresses the final product of the seed and seedling
banks, seed rain, and use of the restored area by frugivorous organ-
isms (Brancalion et al., 2012).

Some native species in the studied area were already recruiting
seedlings (Croton urucurana and Inga edulis, for instance), but exotic
species were dominating (especially Leucaena leucocephala, Rici-
nus communis and Tecoma stans). This finding must be interpreted
as a negative point and alerts the need for management actions
(Martins, 2011). In other cases, seedling recruitment may be low or
even absent (mainly in the first years after restoration), and indi-
cates that few planted species are reproducing or external sources
are contributing little to recruiting new individuals. On the other
hand, if the productivity and return of other ecological functions in
the restored area are required, quantifying litterfall production is a
better way (Londe et al., 2016). However, it may require more time
and sampling effort than seedling recruitment.

5. Conclusion

Not all indicators evaluated in our study were necessary to make
a proper diagnosis on the studied forest. We verified that some of
them could be removed from the analyses because they presented
multicollinearity. Thus, in order to evaluate the area under restora-
tion we could have only used the indicators contained in the final
model derived from the model selection (tree density, basal area,

canopy openness, native tree species, native species of other life
forms, and exotic species of other life forms), plus one we desig-
nated to assess the ecological processes (seedling recruitment or
litterfall production).

In using these variables, we noticed that the studied forest has
yet to structurally develop, some planted species did not survive
in the early years of restoration, and exotic and invasive species
were colonizing the area, including some tree and shrub species
which were recruiting new individuals. Such a scenario is likely
to result from the area location (which is embedded in an urban
matrix), and highlights the need for some management actions.
These might include controlling exotic species either by cutting
the plants or by applying local herbicides, enriching the forest with
native species, perhaps by nucleation techniques to improve suc-
cessional processes (Reis et al., 2010), and, if possible, increasing
the extension of the restored area.

We believe that selected indicators are useful for monitoring
other areas under restoration (taking into account the objectives of
the restoration project), feasibly saving time and money because it
is not necessary to use a lot of complicated parameters, and they
still provide a strong basis for making management decisions.
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