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Abstract — The effects of the implantation of oil palm plantations on a series of environmental variables
and the diversity and distribution of mayfly nymphs was investigated through a survey of 23 streams located
in areas of plantation and natural forest in the eastern Amazon basin. Composition and richness of mayfly
genera were compared among streams in order to verify which genera respond to the habitat disturbance
gradient and determine thresholds for each variable. The genera number was higher in forest streams,
although genus composition was similar between treatments. Only 9 of the 114 physical variables measured
differed significantly between plantation and forest, and only three limnological variables were significantly
different. Threshold Indicator Taxa ANalysis indicated that four genera were significantly associated with
these variables. Of these, Miroculis and Ulmeritoides were associated with the largest number of variables.
Given the different options available for use of soil in the Amazon basin, oil palm plantations appear to be
one of the least deleterious for native fauna. In the Brazilian Amazon basin, government-sponsored zoning
for the establishment of oil palm plantations as a strategy for the recuperation of degraded land thus appears
to be a viable option for the reintegration of areas left damaged by agricultural activities, as long as the
process is implemented adequately and monitored systematically. Also, legislation must be respected, in
particular the permanent preservation of riparian zones, which may function as effective buffer zones to the

runoff of pesticides and sediments.
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Introduction

Over the past few decades, oil palm (Elaeis guineensis
Jacq.) plantations have dramatically expanded throughout
the tropics (Koh and Wilcove, 2008), driven primarily
by high market prices and the excellent productivity of
this species in comparison with other oil-producing
crops (Butler and Laurance, 2009). An additional factor
is the versatility of this palm, which can be used for the
production of biofuels, cosmetics, foodstuffs, pharmaceu-
tical products and other raw materials (Rocha and Castro,
2012). While the oil palm is a major source of economic
growth as an alternative source of biofuel, the ongoing
expansion of plantations contributes to deforestation, soil
degradation, loss of diversity, wildfires and a range of
social problems (Sheil et al., 2009).

*Corresponding author: shimano.yulie@gmail.com

Oil palm plantations are considered one of the main
drivers of deforestation in the tropics (Kongsager and
Reenberg, 2012). As they are less complex structurally
than typical tropical forests, with trees of a uniform
age, low canopy cover, sparse undergrowth, less stable
microclimates, and are renewed every 25-30 years, palm
plantations are poor substitutes for native tropical forests
(Fitzherbert et al., 2008). These characteristics are un-
favorable to much of the wildlife that depends on forest
habitats, and these plantations may eventually become a
major threat to the preservation of tropical biodiversity
(Butler and Laurance, 2009). In addition to the modi-
fication of habitats, groundwater quality may also be
impacted by incorrect use of the land, given that intensive
agricultural practices tend to contribute to an increase in
erosion and siltation, as well as the leaching of nutrients
and agricultural chemicals into the water table, streams
and rivers (Foley et al., 2005).
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In 2008, Brazil was ranked 15th among the world’s
palm oil producing countries and corporate and political
entities are encouraging the aggressive expansion of the
industry (Butler and Laurance, 2009). Despite being one of
the countries that most produces palm oil, Brazil is unable
to meet domestic demand, which is another reason for
believing that the total area planted will expand consider-
ably over the next few years (Rocha and Castro, 2012).

On the other hand, the cultivation of the oil palm
may represent a viable alternative for the reforestation
of impacted areas in the Amazon basin (Ramalho-Filho
and Mota, 2010). Oil palm cultivation may be an excellent
alternative for the production of oils, and may thus
provide an important resource for the Brazilian govern-
ment’s program that seeks to diversify and amplify the
energy sources available to the country, as well as
creating jobs and increasing the income of the populations
involved in this activity (Ramalho-Filho and Mota, 2010).
Given this perspective, the use of oil palm plantations
as a strategy for the recuperation of deforested areas has
received such strong incentives from the Brazilian
government that over the past few years, a study has
been developed to provide a database for the zoning of
the anthropogenic habitats destined for the cultivation
of  Elaeis  guineensis  (http://www.cnps.embrapa.br/
zoneamento_dende/).

From an ecological viewpoint, few studies have
evaluated the real effects of oil palm plantations on the
planet’s biodiversity, and no data whatsoever are available
for the Amazon region. According to the data analyzed by
Danielsen ef al. (2008), mainly from Asia, the species
richness of birds, lizards and mammals is invariably lower
in areas with oil palm plantations, although the mean total
richness of invertebrates may be unaffected and the diver-
sity of some groups, such as ants, bees and moths, may
actually increase in the plantation environment. However,
Lucey et al. (2014) recorded a 22% reduction in the
diversity of ants in palm plantations and Mercer et al.
(2013) found that aquatic macroinvertebrates were more
abundant and diverse in forested areas in comparison
with oil palm plantations. A recent study carried out in
Amazonia pointed out that the conversion of natural
landscapes to oil palm plantation decreases environmental
integrity and has led to a reduction in aquatic Heteroptera
species richness (Cunha et al., 2015). Given the contra-
dictory nature of the available evidence and the probable
continuing expansion of plantations in the Brazilian
Amazon basin, it has become increasingly important to
understand the real effects of this monoculture on different
groups of animals, in particular those most sensitive to
environmental impacts, such as the aquatic macroinverte-
brates.

A number of animal groups are used as bioindicators
of environmental quality, and of those which may provide
more systematic insights into the effects of oil palm plant-
ations, the aquatic insects of the order Ephemeroptera
(mayflies) may be among the most promising. The
composition of a mayfly assembly may reflect impacts
over a wide area (Shimano et al., 2013), considering that

these insects spend most of their life in the waters of
streams and lakes, the characteristics of which are influ-
enced by the runoff of precipitation throughout the local
drainage basin. A number of studies have recorded the
response of mayfly (Ephemeroptera) species to different
types of soil use, always identifying taxa associated with
different land use types, such as cattle ranching (Bottova et
al., 2012), the eutrophication of lentic habitats (Menetrey
et al., 2008), pollutant concentrations (Eftenoiu et al.,
2011), deforestation (Buss and Salles, 2007; Silva et al.,
2010; Souza, et al., 2011) and urban areas (Hepp and
Santos, 2009; Couceiro et al., 2012; Monteiro-Junior et al.,
2013).

On the basis of these findings, our aim was to verify
how oil palm plantations affect environmental parameters
and, in turn, the distribution of mayfly nymphs, and dis-
cover which genera respond to the gradient of disturbance
caused by plantations. Two hypotheses were tested — (i) oil
palm plantations cause changes in the natural structure of
the environment and this will result in a significant differ-
ence in the composition and diversity of mayfly assem-
blages; and (ii) some taxa will be closely associated with
one or other environmental extreme, given that, while
some specialist species are highly sensitive to environ-
mental impacts, other, more generalist species will be
found in impacted areas. It is hoped that the evaluation
of the effects of oil palm plantations on the diversity
of mayfly assemblages at the genus level may provide valu-
able guidelines for the development of programs of water
biomonitoring based on this group of insects. This bio-
monitoring would have a number of advantages, including
the relatively straightforward procedures for the collection
and identification of specimens, which would facilitate the
participation of technicians or even laypersons.

Materials and methods

The present study focused on the Agropalma
Agroindustrial complex in the municipality of Tailandia,
located in the northeast of the Brazilian state of Para.
Agropalma is currently the largest producer of palm oil in
Latin America, with a total of 39000 hectares (ha) of
plantation (Agropalma, 2014). The company’s natural
forest reserves cover an area of approximately 50000 ha,
divided into a number of fragments isolated within the
area of the plantations (Fig. 1). These reserves are com-
posed predominantly of typical Amazonian terra firme
rainforest. The local climate is humid tropical, with a rainy
season between December and May, and a less rainy
season between June and November. Mean annual pre-
cipitation recorded between 1978 and 2008 was 2344 mm,
with the monthly means of up to 427 mm in March, and as
low as 54 mm in September (Albuquerque et al., 2010).
Mean annual temperature is approximately 26 °C, and the
relative humidity of the air around 85%.

A total of 23 streams were sampled, 8 of which were
located within forest reserves, in areas of primary forest,
with the other 15 being located within oil palm plantations
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Fig. 1. Sampling sites of Ephemeroptera in oil palm plantation
and forest areas, in the eastern Amazon basin, Tailandia, Para
(Brazil).

(Fig. 1). A 150 m stretch of each stream was demarcated as
a standard sample plot, within which data were collected
in the dry season periods of 2012 and 2013. Each sample
plot was subdivided into 10 sectors of 15 m for the eval-
uation of habitat integrity, following the protocol de-
scribed below.

For the collection of Ephemeroptera nymphs, the
15 m sectors were subdivided into three sectors of 5 m,
with specimens being collected only in the first two. This
approach was adopted to increase the number of sub-
samples, necessary to estimate genus richness reliably. In
each plot, then, 20 of the 30 subsectors were sampled.

In each segment, two samples of the substrate were
collected using a dip netting (18 cm in diameter, with a
0.05 mm mesh). The substrate selection criteria were based
on the premise that organisms are associated with specific
types of substrates. We therefore sampled the most differ-
ent types to try and collect them all. In each segment, we
observed the substrates present, and sought to consider
samples with the greatest possible variability of substrates.
This method of collection can be characterized as an active
search type of procedure, in which the collector attempts
to sample the greatest possible number of the substrates
found along the length of a transect, with the objective of
collecting the highest possible diversity of the target group,
in this case, the Ephemeroptera. Furthermore, randomiza-
tion is used in sampling with the purpose of minimizing

the organism association effect in certain substrates. The
material collected was sorted in the field and conserved in
absolute ethanol. This procedure has been used success-
fully in previous field studies of Ephemeroptera (Shimano
et al., 2010). The identification of the nymphs was based
on the taxonomic key of Dominguez et al. (2006), and
complementary works of reference. Voucher specimens
were deposited in the zoological collection of the Federal
University of Para in Belém.

The physical conditions found at each stream were
evaluated using a protocol adapted from Peck et al. (2006).
This involved the measurement of a number of character-
istics, including 26 variables of channel morphology,
29 concerning substrate type and quantity, 5 on streams
hydraulics, 16 on the flow patterns of the channel, 4 on
terrain (slope), 1 on sinuosity, 4 on riparian vegetation
cover, 33 on the type and quantity of riparian vegetation
cover, 60 different aspects of the types and size of the wood
litter found in the stream bed and 32 on the possible types
and quantity of refuges available for insects and their
predators. Overall, then, a total of 210 measures of
the physical environment were obtained for each stream.
Nessimian et al.’s (2008) habitat integrity index (HII) was
also applied to provide a general indicator of the integrity
of the habitat at each stream.

In addition to these data, three measurements (at the
extremes and the center of each 150 m plot) were taken
of water temperature, turbidity, dissolved oxygen concen-
trations, conductivity, total dissolved solids, oxidation
reduction potential (ORP) and pH, to provide a mean
parameter for each stream. Measurements were taken with
a Horiba portable probe.

Statistical analyses

Genus richness was compared using the nonparametric
Jackknife estimator (Coddington et al., 1991; Colwell
and Coddington, 1994). This method estimates total
richness by correcting observed richness (the number of
taxa recorded) by a parameter calculated from the number
of rare taxa (which were recorded in only one sample).
This procedure provides a more reliable estimate of the
richness of taxa in a community (Krebs, 1999), as well as a
confidence interval, which permits the statistical analysis
of the estimates collected at two or more sites, or at the
same site during different periods. This analysis was run in
EstimateS Win 7.5 software (Colwell, 2005).

A non-metric multidimensional scaling (NMDS) ana-
lysis was used to evaluate the effects of soil use on the
composition of the Ephemeroptera assemblages, based
on the presence and absence of genera at each stream, with
the Jaccard index being used as a measure of dissimilarity
(Legendre and Legendre, 2012). Differences between the
groups ranked by the NMDS were tested using an analysis
of similarity, or ANOSIM (Clarke and Warwick, 1994).
These analyses (NMDS and ANOSIM) were run in the
R program using the Vegan and MASS packages
(R Development Core Team, 2014).
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Environmental variables were submitted to a pre-
selection, where firstly, all metrics that presented zero
value in more than 80% of the samples and a coefficient
of variation less than 10% were excluded. In order
to minimize the potential problem of multicolinearity in
the environmental data, as well as to reduce the number of
variables analyzed, correlation matrices were produced,
and variables with a correlation of above 0.7 were
excluded from the analysis, the ones with higher impor-
tance in the structuring of Ephemeroptera assemblages
were selected according to the literature. Selected variables
were evaluated by their ability to distinguish forest and
oil palm plantation areas using the evaluation of the
interquartiles bars overlap in box—whisker plots (Barbour
et al., 1996). We consider sensitive variables that show no
overlap of quartiles or present little overlap of quartiles,
without overlap of medians. Subsequently, ¢ tests were
applied to the remaining variables to select those that were
different between the plantation and natural forest areas.
The variables were log-transformed to limit the effect of
variance heterogeneity.

A Threshold Indicator Taxa ANalysis — TITAN (Baker
and King, 2010) was run for each variable that presented a
significant difference between plantation and forest, for the
identification of the genera that responded to the gradient
of disturbance created by the oil palm plantations. This
analysis aimed to detect changes in the distribution of the
different taxa over a continuous environmental gradient
and verify the existence and nature of specific associations
in the frequency and relative abundance of the taxa
along this gradient (Baker and King, 2010). This analysis
was also based on the criteria of the Indicator species index
(IndVal), i.e., specificity and fidelity (Dufréne and
Legendre, 1997) and the Change Point Analysis — nCPA
(King and Richardson, 2003), which associates the taxa
with continuous environmental scores and creates con-
fidence limits and points of change (positive or negative) in
the taxa, which define the limits of a community for each
variable tested (Baker and King, 2010; King et al., 2011).

As the environmental parameters measured may either
increase or decrease according to the presence of oil palm
plantations, the results of the study will be presented
separately in order to avoid possible problems of interpre-
tation. The limnological and physical variables were also
analyzed separately, given that they may reflect changes in
the environment in different ways. Limnological variables
are altered temporarily by climatic processes, such as rain-
fall, and tend to return rapidly to their normal conditions,
whereas physical variables may take many years to return
to their original state, depending on the degree of impact.

Results

Oil palm plantations and the distribution of
Ephemeroptera nymphs

A total of 1232 specimens were collected during the
present study, representing 21 genera. Comparing areas of
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Fig. 2. Abundance of Ephemeroptera genera collected in
Amazonian streams, ranked by the presence (gray background)
and absence (white) of oil palm plantations. (¥) genera found
only in areas with oil palm plantations and (**) genera present
only in forest areas.

forest and plantation, there was no difference in the mean
abundance of Ephemeroptera (r = —1.12, d.f. = 21 and
P = 0.27). However, the estimates of total taxon richness
in the two environments indicate that the forest streams
contained 30 + 6.89 (richness mean + 95% confidence
interval), around ten additional genera, on average, in
comparison with the streams located within oil palm
plantations (20 + 5.04).

With regard to the taxonomic composition, three
genera — Zelusia, Tricorythopsis and Tricorythodes — were
unique to the forest streams (i.e., they were found only
in these habitats), and three others — Microphlebia,
Macunahyphes and Cryptonympha — were unique to
plantation streams (Fig. 2). However, when the streams
were ranked according to the presence/absence of genera,
the forest and plantation sites were not well differentiated
(Fig. 3), a pattern confirmed by the ANOSIM (R = 0.049
and P = 0.252), reinforcing the conclusion that there
was no significant difference in the composition of the
mayfly assemblages in the two types of habitat.

Oil palm plantations and environmental variables

A total of 114 physical and 7 limnological variables
were evaluated in relation to the differences between oil
palm plantations and native forest. Of these, only nine
physical and three limnological variables differed signifi-
cantly between habitats (Fig. 4, Appendix Table Al).

The physical variables with significantly higher values
in the plantation streams were live trees and roots. In the
forest streams, by contrast, the percentages of algae,
the mean proportion of bank undercut, the percentage of
fine sediment, the HII, the mean slope of the bank, the
width:depth ratio of the stream and the percentage of
wood fragments were all higher (Fig. 4). In the case of the
limnological variables, pH and temperature were higher in
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Fig. 3. Ordination (NMDS) of the sampling sites in oil palm
plantation and forest areas, in the eastern Amazon basin,
Tailandia, Para, based on the presence or absence of the
Ephemeroptera genera.
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Fig. 4. Diagram showing the physical and limnological variables
of the plantation and forest streams, and their association
(positive or negative) with conservation levels.

the plantation streams, whereas the highest ORP values
were recorded in the forest streams (Fig. 4).

Environmental variables and Ephemeroptera nymphs

Four Ephemeroptera genera presented an association
with at least one variable (physical or limnological) that
increased in either the plantation or forest streams. In the
plantation streams (Table 1), Campylocia and Miroculis
were negatively associated with pH and low temperatures
(found in the forest streams [ — ]), while Ulmeritoides was
positively associated ( + ) with these variables, indicating a
preference for the higher values recorded in the plantation

streams (Table 1). In the case of physical variables,
Miroculis was associated with low quantities of bank slope
and fine roots, reinforcing its associations with forest
streams. However, Campylocia presented a positive asso-
ciation with these variables, indicating its preference for
the streams with plantation, but contradicting the findings
for the limnological variables. Ulmeritoides presented a
positive association with live trees and fine roots, indicat-
ing its preference for the oil palm streams. Campsurus,
such as Miroculis, presented a negative association with
fine roots, indicating a preference for forest habitats.

The ORP was the only limnological variable that
returned a tendency to increase in forest streams (Table 2).
Campylocia and Miroculis were positively associated with
this variable, indicating a preference for forest habitats,
while Ulmeritoides was negatively related to this variable
(Table 2). Campsurus and Ulmeritoides were negatively
associated with almost all the physical variables analyzed,
with the exception of the proportion of bank undercut,
indicating a strong association with the low values re-
corded for these variables in the plantation. The opposite
pattern was recorded for Miroculis, which was positively
associated with these same variables. Campylocia was
negatively associated with the width:depth ratio of the
streams, but positively with the proportion of bank
undercut.

A comparative overview of the results (limnological
and physical variables) indicate that Miroculis and
Ulmeritoides presented the same type of association for
all the significant patterns, whereas the other genera varied
in their response, being associated with the higher values
recorded in the plantation for some variables, and with the
higher values recorded in the forest for others. In the
specific case of Campsurus, the genus was only associated
with physical variables.

Given that Miroculis and Ulmeritoides appear to be the
most important indicators, environmental thresholds
are presented here only for these two genera (Table 3).
Analyzing limnological variables first (highlighted in bold
in the table), in the specific case of the oxidation-reduction
potential, there is an exact point — 324.5 mV — at which
Ulmeritoides tends to disappear and Miroculis begins to
colonize. Ulmeritoides also tends to disappear at low pH
values, especially those lower than 4.82, when the water
becomes more acid, whereas Miroculis tends to appear
when the pH exceeds 4.5. Ulmeritoides also tends
to disappear when the temperature of the water exceeds
26.41 °C, whereas Miroculis avoids temperatures below
24.75 °C. In habitats with intermediate temperatures, both
genera may be found.

With regard to the physical variables (Table 3),
Ulmeritoides is only present when alga is absent, e.g.,
although Miroculis tolerates a 0.2% coverage, on average.
In relation to the relative dimensions of the stream,
Miroculis tends to occur in streams which have a
width:depth ratio of around four, whereas Ulmeritoides
generally disappears when this value is equal to two. Fine
sediment also plays a role — Miroculis tends to appear
at values of above 8%, whereas Ulmeritoides disappears at



40 Y. Shimano and L. Juen: Ann. Limnol. - Int. J. Lim. 52 (2016) 35-45

Table 1. Ephemeroptera genera associated with the environmental variables that increase in streams located near oil palm
plantations. ( + ) and ( — ) indicate whether genera abundance increases or decreases in streams with oil palm plantations.

Environmental variables that increase in plantation Campsurus Campylocia Miroculis Ulmeritoides
Limnological variables
pH - - +
Temperature — - +
Physical variables
Bank slope + —
Live trees (%) +
Fine roots (%) — + — +

Table 2. Ephemeroptera genera associated with environmental

variables that increase in streams located near natural forest. ( +)

and ( — ) indicate whether genera abundance increases or decreases in forest streams.

Environmental variables that increase in forest

Campsurus

Campylocia Miroculis Ulmeritoides

Limnological variables
ORP

Physical variable
HII
Width:depth ratio —
Fine sediment -
Wood litter (%) -
Algae (%) -
Bank undercut

+ + —

+ o+ + o+
I

Table 3. Results of TITAN showing the change points for Miroculis and Ulmeritoides (only those environmental variables for

which significant values were recorded).

Genus Variable Change Point Freq. IndVal Z 5%  95% Purity Reability Increase in (associated with)

Miroculis ~ Alga (%) 0.02 194 7983 9.06 0.02 0.02 1.00 1.00  Forest Z + (forest)
Width:depth ratio 4.00 194 66.44 10.24 3.33 7.33 1.00 1.00  Forest Z + (forest)
Fine sediment (%) 8.00 194 66.56 930 1.65 9.33 1.00 1.00  Forest Z + (forest)
HII 0.66 194 6794 7.23 0.66 0.78 1.00 1.00  Forest Z + (forest)
ORP* 324.50 194 5335 7.39 283.33 325.33 1.00 1.00  Forest Z + (forest)
Wood (%) 36.78 194 66.07 8.01 20.69 38.15 1.00 1.00  Forest Z + (forest)
Slope 15.00 194 80.26 8.46 5.68 16.82 1.00 1.00  Oil palm Z — (forest)
Fine roots (%) 0.00 194 7472 848 0.00 0.01 1.00 1.00  Oil palm Z — (forest)
pH* 4.51 194 81.69 845 448 479 1.00 1.00  Oil palm Z — (forest)
Temperature* 24.75 194  82.11 9.27 24.18 25.19 0.98 0.98 Oil palm Z — (forest)

Ulmeritoides Algae (%) 0.00 61 37.24 10.62 0.00 0.01 1.00 1.00  Forest Z — (oil palm)
Width:depth ratio 2.00 61 2535 896 0.00 2.67 1.00 1.00  Forest Z — (oil palm)
Bank undercut 2.73 61 2732 955 1.82 3.18 1.00 1.00  Forest Z — (oil palm)
Fine sediment (%) 3.00 61 3322 14.01 2.67 3.33 1.00 1.00  Forest Z — (oil palm)
HII 0.67 61 4820 1396 0.61 0.73 1.00 1.00  Forest Z — (oil palm)
ORP* 324.50 61 38.19 14.23 313.63 332.00 1.00 1.00  Forest Z — (oil palm)
Wood litter (%) 11.63 61 2494 833 854 2214 1.00 1.00  Forest Z — (oil palm)
Fine roots (%) 0.01 61 2687 7.86 0.0l 0.02 1.00 1.00  Oilpalm Z+ (oil palm)
Live trees 21.82 61 30.20 10.78 20.68 22.50 1.00 1.00  Oilpalm Z+ (oil palm)
pH* 4.82 61 32.72 1335 479 485 1.00 1.00  Oilpalm Z+ (oil palm)
Temperature* 26.41 61 3748 1191 2569 2645 1.00 1.00  Oilpalm Z+ (oil palm)

*Limnological variables. In ‘indication’: Z + indicates a positive relation of the genus to the variable and Z — indicates a negative
relation. 5 and 95% representing bootstrap quantile intervals captured the true thresholds. Purity is the mean proportion of correct
response direction (z) or z + ) assignments, reliability is the mean proportion of P-values 0.05 or 0.01 among 500 simulation iterations,
and Freq. is the number of non-zero observations.

values of below 3%. In the case of the HII, there is an
exact value — 0.66 — below which Miroculis is substituted

by Ulmeritoides.

In relation to the wood litter, Miroculis tends to
appear in streams with values of over 36.78%, whereas

Ulmeritoides appears in streams with values below
11.63%. Miroculis is only found where there are no fine

roots (0%), while Ulmeritoides appeared in streams with

at least 0.01%. The slope of the bank also played a role —
Miroculis tends to disappear from streams with a slope of
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less than 15°. Finally, Ulmeritoides tends to disappear
when less than 2.73% of the bank has undercut and more
than 21.83% of the stream has live trees.

Discussion

Despite the growing controversies over the negative
impacts of the production of biofuels on land use
and biodiversity, the oil palm industry continues to grow,
driven by the increasing demand for edible vegetable oils
(Corley, 2009). While any impact on the environment may
result in modifications of a local community, there must be
trade-offs between satisfying immediate human needs and
guaranteeing the capacity of the ecosystem to provide
goods and services in the future (Foley ef al., 2005).

According to the zoning of palm oil production pro-
posed by the Brazilian government, oil palm plantations
should only be expanded in areas of degraded land (Koh
and Wilcove, 2008), which would represent a more subtle
way to protect the soil. However, future demand for food-
stuffs and shifts in public policy are unpredictable, and any
such strategy may ultimately be undermined by the
economic benefits resulting from increased production of
this resource. In particular, the expansion of oil palm
plantations may displace less profitable activities, such as
cattle ranching and even subsistence agriculture into the
forest (Drouvot and Drouvot, 2011).

Overall, it is possible to conclude that oil palm
plantations contribute to a reduction in diversity, but do
not clearly modify the composition of the mayfly commu-
nity. In comparison with other long-term crops, such as
banana, the mayfly fauna was less affected in the present
case, given that banana plantations may have a significant
effect on both species richness and composition of aquatic
insects (Kleine et al., 2011; Corbi et al., 2013). In sugar-
cane plantations, Corbi and Trivinho-Strixino (2008)
found a lower diversity of taxa in comparison with areas
of riparian vegetation, and a higher percentage of sensitive
taxa in well-conserved habitats. In the case of short-cycle
crops, such as rice (Mize et al., 2008), plantations may also
modify the composition of aquatic macroinvertebrate
assemblages.

This pattern is even clearer when the relatively small
proportion of physical variables that differed significantly
between plantation and forest habitats — only nine (~ 8%)
of the 114 variables analyzed — is taken into account. The
small number of variables affected by the implantation of
oil palm plantations indicates that this type of crop may be
less aggressive to the environment than other cultivars.
This may be related to the large size of the oil palms, which
may reach a height of 15 m (Campos and Carmélia, 2007),
thus providing good cover for the soil against the effects of
sun and rain, as well as a habitat structure similar to that
of natural forest. In addition, the soil is not exposed on a
regular basis, as in the case of short-cycle crops, such as
rice, maize or soybean, given that the ground is covered by
grass throughout the year, helping to retain humidity and
nutrients.

Even though the cultivation of oil palms has less im-
pact on the environment, it is important to note the need
for the preservation of gallery forests. Under Brazilian
legislation (the Brazilian Forest Code, federal law number
12651/12), a 30-meter wide riparian zone of natural
vegetation must be maintained permanently over any
watercourse of less than 10 m in width. These areas of
permanent preservation, together with the legal reserves of
natural vegetation required for any rural property, may
provide an important buffer that reduces runoff and the
transfer of nutrients and other material into local bodies
of water (Schiffer er al., 2011). Within the area of the
present study, most of the streams have areas of per-
manent preservation, which almost certainly contribute to
reduced impact of this land use.

Three (43%) of the seven limnological variables were
affected by the plantations, which indicates that these
factors may be more affected by the cultivation of oil
palms than the physical characteristics of the streams. The
associations between Ephemeroptera taxa and limnologi-
cal variables were expected, given the marked sensitivity
of these insects to such factors (Shimano ez al., 2013). A
number of studies have reported the sensitivity of
Ephemeroptera to contaminants, such as heavy metals,
ammonia and other chemical compounds (Clements et al.,
2002), and the potential of these insects for biomonitoring.
Such contaminants have a major impact on local human
populations, given that most residents of the study area
depend on streams that cross oil palm plantations for
drinking water and bathing. The water of these streams
is contaminated with the pesticides used in the oil palm
plantations, which provoke itching and boils (Glass,
2013). Clearly, it would be important to implement stricter
controls on the quantity and types of herbicides, insecti-
cides and fungicides used in this type of plantation.

As monitoring and regulation of the quality of stream
water that flows through agricultural areas is often difficult
or financially not viable, the biomonitoring of live organ-
isms may represent an extremely useful option for the
detection of variations in the physical-chemical attributes
of the water, given that it avoids the need for daily or even
weekly measurements, considering that the presence or
absence of specific taxa may indicate long-term impacts on
the environment. In the case of the Ephemeroptera, the
genera most clearly indicated by the TITAN (the highest
number of variables) were Ulmeritoides and Miroculis,
with Ulmeritoides being invariably associated with the
variable related to the plantation habitats, and Miroculis
to those of the forest. However, no data are available on
the biology of these genera that might provide insights into
the factors that determine the differences in their sensitiv-
ity to habitat modifications. Ulmeritoides appears to have
a preference for calmer waters, such as those of marshes
associated with rithral habitats, in which the structure
of their gills (which have a large number of filaments) may
represent an adaptation for the efficient absorption of
oxygen (Da-Silva et al., 2010). An indeterminate species
of Ulmeritoides has also been found in river sectors
with almost no current, which form a series of pools
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(Nolte et al., 1997). However, Dominguez et al. (2006)
collected Ulmeritoides specimens from leaf and wood litter
in a range of conditions, varying from still pools to
running water. Miroculis can be found in both rithral and
potamal habitats, and even in reservoirs (Da-Silva et al.,
2010) occupying a wide range of substrates (Dominguez
et al., 2006).

For the other genera that presented some association
with specific variables (Campylocia and Campsurus), re-
sponses varied according to the type of variable analyzed.
Campsurus was only affected by physical variables, which
may be related to the behavior of the larvae of this genus,
which live underground, digging U-shaped tunnels, pre-
ferentially in soft, clayey sediments, which represent a
physical variable (Dominguez et al., 2006).

The results of the TITAN also indicated thresholds
for each variable and associated genus. Based on these
data, the impact of a change to a specific variable on the
Ephemeroptera assemblages can easily be predicted.
For example, when the temperature decreases to below
24.75 °C, Miroculis tends to disappear (see change points
and indications in Table 3). Based on the threshold
presented for each variable, it is possible to predict the
impacts and modifications of the assembly for each vari-
able, facilitating the establishment of preventive measures
to maintain the aquatic diversity of these habitats.

Overall, then, Ulmeritoides and Miroculis appear to be
the principal candidates for the effective biomonitoring
of areas with oil palm plantations. This is reinforced by
the fact that these genera are easily identified by specific
morphological traits. Both genera can be identified with
the structure of the gills, which are composed of two
lamellae. In Ulmeritoides, the gills are oval in shape, with a
fringe around the whole of their edges, while in Miroculis,
they are lanceolate, with hyaline lateral wings of varying
shapes (Appendix Fig. Al).

While the implantation of oil palm plantations may be
a viable strategy for the recuperation of degraded areas in
the Amazon basin, it requires careful monitoring in order
to ensure that forested areas are not encroached on, and
in particular that areas of permanent preservation are
maintained intact.

The results of the present study indicate that oil palm
plantations may be less damaging to the region’s bio-
diversity than other agricultural practices, in particular
cattle ranching, which is the principal driver of deforesta-
tion in the Amazon basin (Rivero et al., 2009). It is
important to remember, however, that the present study
focused on aquatic invertebrates, and that more conclusive
guidelines would require reliable data on terrestrial inver-
tebrates, as well as aquatic and terrestrial vertebrates.

It is important to note that, while oil palm plantations
may have a positive role to play in the recuperation of
degraded and deforested arecas, where this cultivar may
be both economically and ecologically viable, the defor-
estation of pristine areas for the implantation of this
activity cannot be recommended. Similarly, while the
present study has shown that oil palm cultivation may be
less damaging to the local aquatic fauna than other

cultivars or cattle ranching, additional studies are clearly
needed in order to confirm whether organic oil palm
plantations would be an even more effective solution for
the recuperation of abandoned and exposed soils in the
Amazon basin.
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Appendices

Table Al. Results of the t tests for the limnological and physical variables (only those which presented significant differences)
measured in the plantation and forest streams.

Oil palm Forest t-value
Mean SD Mean SD t-value d.f. P separ. var. d.f. P

Limnological variables

Temperature 26.184 0.582 25.416 0.956 2.409  21.000  0.025

pH 4.981 0.195 4.707 0.246 2.941  21.000 0.008

ORP 308.200  38.825  365.625 26.189  —3.735 21.000  0.001
Physical variables

Width:depth ratio 1.378 1.246 3.583 2.959 —2.015 8.350  0.077

Mean angle (°) 0.267 0.422 1.250 1.151 —2.334 8.017  0.048

Fine sediment (%) 3.111 2.399 5.750 3342 —2.192  21.000 0.040

Wood (%) 14.731 9.956 24762  11.747  —2.164 21.000 0.042

Algae (%) 0.004 0.005 0.010 0.007  —2.243  21.000 0.036

Mean of bank undercut 0.939 1.037 3.097 2.683 —2.188 8.135  0.060

Live trees (%) 33.121 8.210 22.813  12.660 2.374  21.000 0.027

Roots (%) 0.016 0.005 0.009 0.005 3.074  21.000  0.006

HII 0.681 0.052 0.824 0.051 —6.324  21.000  0.000

df, Degrees of Freedom; 7-value separ. var., ¢ test with separated variance.

Fig. Al. Ephemeroptera genera associated with Forest (A, B) and
oil palm cultivation (C, D). (A) Miroculis and (B) detail of the
gill; (C) Ulmeritoides and (D) detail of the gill.
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