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Abstract
Questions: Understanding spatial variation in floristic composition is crucial to quan-
tify the extent, patchiness and connectivity of distinct habitats and their spatial rela-
tionships. Broad- scale variation in floristic composition and the degree of uniqueness 
of different regions remains poorly mapped and understood in several areas across 
the globe. We here aim to map vegetation heterogeneity in Amazonia.
Location: Middle	Juruá	river	region,	Amazonas	State,	Brazil.
Methods: We mapped four plant groups by applying machine learning to scale up lo-
cally observed community composition and using environmental and remotely sensed 
variables	as	predictors,	which	were	obtained	as	GIS	layers.	To	quantify	how	reliable	
our predictions were, we made an assessment of model transferability and spatial 
applicability. We also compared our floristic composition map to the official Brazilian 
national- level vegetation classification.
Results: The overall performance of our floristic models was high for all four plant 
groups, especially ferns, and the predictions were found to be spatially congruent 
and highly transferable in space. For some areas, the models were assessed not to be 
applicable, as the field sampling did not cover the spectral or environmental charac-
teristics of those regions. Our maps show extensive habitat heterogeneity across the 
region. When compared to the Brazilian vegetation classification, floristic composi-
tion was relatively homogeneous within dense forests, while floristic heterogeneity in 
rainforests classified as open was high.
Conclusion: Our maps provide geoecological characterization of the regions and can 
be used to test biogeographical hypotheses, develop species distribution models and, 
ultimately, aid science- based conservation and land- use planning.

K E Y W O R D S
Amazonian biogeography, area of applicability, ferns, Juruá river, machine learning, 
Melastomataceae, niche, palms, plant community, remote sensing, species– environmental 
relationships, tropical forests, vegetation mapping, Zingiberales
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1  |  INTRODUC TION

Amazonian forests are highly heterogeneous, but the broad- scale 
variation in floristic composition and degree of uniqueness of dif-
ferent regions remains poorly mapped and understood. Improved 
mapping aids in identifying areas that share a unique common 
pool of species, which are integral to systematic conservation 
planning (Guisan & Zimmermann, 2000; Margules & Pressey, 
2000).	Vegetation	types	are	central	units	 in	conservation	planning	
(Capobianco et al., 2001) as one of the goals is to collectively rep-
resent proportions of each type of forest in the conservation units 
network. This is based on the assumption that the mapped and 
actual field- observed distributions of species are strongly linked 
(Ferrier & Watson, 1997; Emilio et al., 2010). The baseline vegetation 
data are often from few plant groups or structural components, such 
as canopy trees. Understorey plants, for example, are not included 
in forest mapping and are not directly observed by satellite images.

In biogeographical research, vegetation maps are an intuitive source 
of ecological information. They help to test biogeographical hypotheses 
and to quantify the extent of patchiness, connectivity of various hab-
itats and their spatial relationships, which are relevant to understand 
species distributions and metapopulation dynamics (Hanski, 1998). For 
example, the riverine barrier hypothesis (Haffer, 1974; Boubli et al., 
2015;	Naka	&	Brumfield,	2018)	has	been	influencing	Amazonian	bioge-
ography	studies	since	the	19th	century	(Wallace,	1852)	and	remains	to	
some degree controversial, being frequently re- assessed as new data 
are accumulated (Fordham et al., 2020). For testing the riverine barrier 
hypothesis, it is important to consider the alternative hypothesis that 
a difference in species composition across the river emerges because 
the river banks represent different habitats (Tuomisto & Ruokolainen, 
1997). An accurate map of vegetation can provide relevant information 
on habitat quality, as has already been shown in at least two Amazonian 
biogeographical studies (Maximiano et al., 2020).

Commonly used indicators of habitat variation include vegetation 
maps,	which	can	vary	greatly	 in	quality	and	resolution.	Vegetation	
maps may be periodically updated, often absorbing new products 
from	the	remote-	sensing	revolution	(Kwok,	2018).	Vegetation	maps	
covering all of Brazilian Amazonia, for example, were initially based 
on	radar	images	and	field	surveys	of	trees	during	the	RADAMBRASIL	
project	(RADAMBRASIL,	1978),	but	recent	versions	also	incorporate	
data	provided	by	the	Landsat	programme	(IBGE,	2004,	2010;	USGS,	
2021). On the other hand, information from field data and vegetation 
inventories accumulate at a slower pace. Thus far, tree inventories 
cover an area of only 0.0013% of the total forest area of Brazilian 
Amazonia (Tejada et al., 2019) and the sampling suffers from spa-
tial biases and large geographical gaps (Nelson et al., 1990; Hopkins, 
2007;	Schulman	et	al.,	2007).	The	Instituto	Brasileiro	de	Geografia	
e Estatística (IBGE) map is widely used in land- use planning (Roriz 
et al., 2017), and even though it has been updated using ancillary in-
formation, its information is still based on the same field inventories 
of	canopy	trees	that	were	carried	out	in	the	1970s	(RADAMBRASIL,	
1978). These limitations in vegetation mapping hamper our de-
tailed understanding of habitat patchiness and connectivity, species 

distributions, metapopulation dynamics and other biogeographical 
and evolutionary processes.

To improve vegetation mapping and to understand its relation to 
remotely	sensed	spectral	data	and	other	GIS-	based	environmental	
descriptors, we here modelled relationships between compositional, 
environmental and spectral variation and made spatial predictions 
of	 floristic	 composition	 in	 western	 Amazonia.	 Species’	 responses	
to historical and environmental factors may vary among biological 
groups (Dambros et al., 2020) and can, therefore, be expected to 
vary also in relation to spectral data. We addressed this possibility 
by combining standardized data sets of inventories of phylogenet-
ically	 distant	 plant	 groups	 with	 environmental	 field	 data	 and	 GIS	
layers from the middle Juruá River region. The Juruá River is one 
of the longest white- water tributaries of the Amazon River and the 
vegetation is highly heterogeneous, shaped by variation in flooding 
regimes (Hawes et al., 2012; Newton, Endo et al., 2012) and soil 
characteristics	(Tuomisto	et	al.,	2016,	2019).	High	plant	species	turn-
over in non- flooded forests is associated with geological history and 
soil	heterogeneity	(Schobbenhaus	et	al.,	2004;	Higgins	et	al.,	2011;	
Tuomisto	et	al.,	2016,	2019),	which	are	reflected	in	a	gradient	of	vari-
ation in floristic composition from habitats of clayey soils with higher 
concentrations of nutrients (especially exchangeable base cations) to 
sandier	and	relatively	nutrient-	poor	soil	areas	(Tuomisto	et	al.,	2016).

Besides the importance of describing the forests, detailed vegeta-
tion mapping may be of particular interest in the middle Juruá area due 
to the existence of community- based management programmes for 
sustainable production of non- timber forest products (Newton et al., 
2011;	Newton,	Endo	et	al.,	2012;	Campos-	Silva	et	al.,	2018).	Natural	
resources vary according to vegetation characteristics and are non- 
randomly distributed in the region (Newton, Peres et al., 2012). Patterns 
of density and spatial distribution of useful species and forest resources 
affect local community livelihood, hunting and harvesting strategies 
(Newton, Endo et al., 2012; Newton, Watkinson et al., 2012).

We aimed to map plant community composition in the Juruá 
River basin by scaling up locally defined relationships between com-
munity composition and remotely sensed spectral data and environ-
mental descriptors. For areas beyond the sampled environmental 
gradient, such extrapolation may be problematic. Therefore, we 
made an assessment of the reliability and transferability of the spa-
tial predictions of floristic composition for four plant groups with 
different morphological traits and dispersal strategies. To under-
stand congruencies and variations with vegetation classification, we 
also compared how our floristic maps relate to the Brazilian map of 
vegetation classes provided by IBGE (2010).

2  |  METHODS

2.1  |  Study area and sampling strategy

Our study area in western Brazilian Amazonia comprised non- 
flooded forests in the middle Juruá area, including the lower 
Tarauacá River (Figure 1). The climate is mainly tropical and humid 
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(IBGE, 2004), with an average annual temperature of 27.1°C and 
average annual rainfall of approximately 3,700 mm (Hawes & Peres, 
2016).	The	sampled	area	covered	the	Solimões	and	 Içá	geological	
formations	 (Schobbenhaus	 et	 al.,	 2004),	 with	 widely	 contrasting	
topography	 and	 soil	 characteristics	 (Tuomisto	 et	 al.,	 2016,	 2019).	
We refer here to the 2004 geological map, as the more recent geo-
logical map (IBGE, 2010) does not recognize any boundary at this 
location.

We established 71 transects along the Juruá River and its larg-
est tributary, the Tarauacá River (Figure 1). The field expedition 
consisted of two phases. In the first phase, palms (Arecaceae), 
ferns + lycophytes (pteridophytes), gingers (Zingiberales), and me-
lastomes (Melastomataceae) were inventoried in 39 transects along 
the	Juruá	River	over	an	air	distance	of	500	km.	In	the	second	phase,	
ferns + lycophytes and melastomes where inventoried in 32 tran-
sects along the same stretch of Juruá and along the Tarauacá River. 
To obtain comparable results for the four plant groups, we used the 
39 first- phase transects to model the relationships between plant 
communities and several explanatory variables and the 32 second- 
phase	transects	separately	as	a	validation	data	set	(see	Section	2.3	
Analysis).

Each	transect	was	5	m	wide	and	500	m	long	and	it	crossed	the	
local topography in order to obtain a representative sample of the 
hydrological variation at the site. The botanical inventories con-
sisted of counting the number of individuals per species for each 
of the target plant groups. Representative voucher specimens 
were collected of each species and additional specimens were col-
lected of individuals that could not be referred with certainty to 
an already collected species. Composite surface soil samples were 
taken at three points along each transect and analysed for sev-
eral chemical variables, of which we here use the concentration of 
exchangeable base cations (Ca, Mg, K and Na). Further details on 
the field sampling protocol and soil sample analysis are available in 
Tuomisto	et	al.	(2016).

2.2  |  Predictors estimated from global maps and 
remote sensing (GIS layers)

We	 obtained	 GIS	 layers	 of	 height	 above	 the	 nearest	 drainage	
(HAND), cation exchange capacity of the surface soil (CEC), and 
reflectance values of the Landsat Thematic Mapper/Enhanced 

F I G U R E  1 Maps	of	the	study	area	in	
the middle reaches of the Juruá River. (a) 
Landsat TM/ETM+ reflectance variation. 
Bands	4,	5,	and	7	were	assigned	to	
red, green, and blue colour channels, 
respectively. Blue circles represent 
locations in which all four plant groups 
(palms, ferns + lycophytes, melastomes, 
and gingers) were sampled; yellow stars 
represent sampling locations in which 
only ferns + lycophytes and melastomes 
were sampled. An inset map of northern 
South	America	shows	the	area	of	interest	
in a green rectangle. (b) Map of Cation 
Exchange Capacity (CEC) in cmol(+)/kg 
obtained	from	Soilgrids	250	m	(soilgrids.
org, Hengl. et al. 2017). (c) Height Above 
the Nearest Drainage (HAND; http://
www.dpi.inpe.br/Ambda ta/Engli sh/). In 
all maps, the dashed line corresponds to 
the boundary identified by Higgins et al. 
(2011) and interpreted by them as the 
limit	between	the	Solimões	(Pebas)	and	
Içá geological formations

http://www.dpi.inpe.br/Ambdata/English/
http://www.dpi.inpe.br/Ambdata/English/
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Thematic Mapper Plus (TM/ETM+) bands (Figure 1). HAND esti-
mates the vertical distance of each transect to the nearest drain-
age, serving as an indicator of local hydrological conditions (Rennó 
et al., 2008; Nobre et al., 2011), and is available at 90- m resolution. 
We obtained the HAND model from http://www.dpi.inpe.br/Ambda 
ta/Engli	sh/downl	oad.php),	based	on	a	threshold	of	50	pixels	for	the	
drainage area contribution to include smaller drainages (Rennó et al., 
2008). We obtained soil CEC at pH = 7 as estimated for the sur-
face	soil	(maximum	depth	30	cm)	from	the	SoilGrids	project	(Hengl	
et	 al.,	 2017;	 https://maps.isric.org)	 at	 250-	m	 resolution.	 To	 obtain	
a single value of CEC and HAND for each transect, we used the 
median value of the corresponding pixels that fell within a buffer 
of 200 m around the centre point of the transect. This was aimed 
at	capturing	most	of	the	variation	along	the	500-	m-	long	main	axis	
of the transect without too much lateral coverage. The cation ex-
change capacity values were logarithmically transformed before 
analysis. Landsat TM/ETM+ reflectance values were obtained from 
a 30- m- resolution Landsat composite of images from 2000 to 2009 
covering	all	Amazonia	(Van	doninck	&	Tuomisto,	2018).	We	obtained	
a single value for each band to represent the whole transect by cal-
culating	the	median	value	from	a	15	×	15	pixels	window	centred	on	
the transects. This was done separately for each spectral band used 
in	this	study	(bands	2,	3,	4,	5,	and	7).

2.3  |  Analysis

2.3.1  |  Ordinations	and	floristic	composition

Differences in floristic composition between transects were sum-
marized in a three- dimensional ordination space using non- metric 
multidimensional	scaling	(NMDS).	We	used	extended	Sørensen	dis-
similarities	(De’ath,	1999)	based	on	presence/absence	data	as	a	dis-
similarity	measure.	Separate	dissimilarity	matrices	were	calculated	
for each plant group using the 39 transects of the first fieldwork 
phase. A combined dissimilarity matrix was derived by summing the 
dissimilarity values of each of the four plant groups (hereafter called 
the	“all”	dissimilarity	matrix).	NMDS	score	values	for	the	first	three	
axes were used as response variables in a multiple regression model 
with values of locally collected soil nutrient concentration (sum of 
exchangeable base cations) and side of riverbank as predictors.

2.3.2  |  Random	Forest	(RF)	regression	models,	
variable selection and spatial predictions

Non- metric multidimensional scaling ordination scores were inter-
preted as plot positions along floristic gradients and used as re-
sponse variables in Random Forest (RF) regression models. RF is a 
powerful machine- learning algorithm that operates by constructing 
a multitude of regression trees and combining them to reach a mean 
prediction (Breiman, 2001). The RF regression analyses were per-
formed separately for each plant group and for all groups together 

using	the	ordinations	scores	from	the	NMDS	analyses	based	on	39	
transects. As predictors, we used variables extracted from seven 
GIS	layers	for	each	transect.	The	variables	were	Landsat	bands	2–	5	
and 7, HAND, and CEC.

To eliminate highly related variables and avoid model overfit-
ting, we used forward feature selection (Meyer et al., 2018). We first 
produced all possible combinations of two variables and used each 
pair to build an RF regression model. The performance of the models 
was tested by 10- fold cross- validation, which consists of iteratively 
dividing the data set into 10 folds and using nine folds for modelling 
and one fold to test the model. The pair of predictors that produced 
the RF model with the highest R2 in the test data set was kept and 
additional predictors were iteratively added until they no longer sig-
nificantly improved the performance of the model. The best set of 
predictors of the ordination scores were determined separately for 
each	of	the	first	three	NMDS	ordination	axes	(1,	2,	and	3)	and	each	
plant	group.	We	generated	1,500	trees	 for	each	RF	model	and	al-
lowed different numbers of candidate predictors per node, but in 
order to make the results more comparable among models with dif-
ferent initial numbers of predictors, we used the results of models 
with two predictors per node.

To spatialize the predictions to the middle Juruá area, we applied 
the	best	GIS	layer	model	of	each	plant	group	for	predicting	NMDS	
axes over the area of interest. The potential predictors of floristic 
composition	were	 Landsat	 bands	 2–	5	 and	 7,	HAND	and	CEC,	 but	
only the variables selected by RF were included in spatial predic-
tions. For the spatial predictions, Landsat data were upscaled to 
450-	m	resolution,	which	was	obtained	by	assigning	the	median	value	
from	15	×	15	original	30-	m	pixels	to	each	new	pixel.

2.3.3  | Map	quality	and	applicability	assessment

In addition to using 10- fold random cross- validation to calculate 
R2 values for the RF models, we used two other strategies to as-
sess	the	quality	of	the	predicted	NMDS	maps.	The	second	approach	
aimed to quantify model transferability by using a separate valida-
tion data set that consisted of 32 inventories of ferns + lycophytes 
and melastomes sampled in the second phase of the fieldwork (yel-
low stars in Figure 1). For this approach, we first produced new 
NMDS	ordination	axes	for	these	two	plant	groups	using	all	71	tran-
sects.	Then	we	used	the	NMDS	scores	of	the	39	transects	from	the	
first phase of the fieldwork as training data to build the RF models 
and spatial predictions and the remaining 32 transects as test data.

The third quality- testing approach was to estimate the area of 
applicability (AOA) for each model. These are the areas for which 
the models are expected to provide reliable predictions, and we de-
termined AOA using the method proposed by Meyer and Pebesma 
(2020). This is based on the environmental distance between a point 
to be predicted, k, and the most similar one of those points in the 
training data set that are not in the same cross- validation fold. This 
distance (dk) is then divided by the mean distance between two points 
of the training data set (dmean). The model is deemed applicable to 

http://www.dpi.inpe.br/Ambdata/English/download.php
http://www.dpi.inpe.br/Ambdata/English/download.php
https://maps.isric.org
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those points within the area of interest for which the ratio dk/dmean is 
smaller than a threshold value (Meyer & Pebesma, 2020). The AOA 
maps are, therefore, binary maps that indicate where the predictions 
can be considered reliable. We generated an AOA map for each of 
the five predicted maps (four based on each plant group separately 
and one based on all plant groups combined).

2.4  |  Cross- taxa comparisons of predicted 
floristic gradients

To quantify the correlation of floristic patterns among palms, 
ferns + lycophytes, melastomes, gingers, and all plant groups com-
bined,	we	compared	the	predicted	NMDS	axis	values	for	each	group	
in 10,000 randomly sampled locations. We masked out the areas 
where the models for any of the plant groups were indicated not to 
be applicable and thereby restricted the random sampling to those 
areas where all models were applicable. These comparisons were 
made	for	each	of	the	three	NMDS	axes	separately.

2.5  |  Comparison with Brazilian vegetation classes

Finally, we compared the floristic composition maps obtained with 
the	predicted	values	of	the	first	NMDS	axis	with	a	vegetation	map	
of the Brazilian Amazonas state (IBGE, 2010). The map consists of 
polygons that depict the dominant vegetation type following the 
classification	 of	 Veloso	 et	 al.	 (1991),	 which	 uses	 as	 classification	
criteria, among other things, canopy characteristics (even, uneven, 
closed, open, with or without emergent trees or with dominance of 
palms, bamboos or lianas) and geomorphological characteristics (e.g. 
origin of sediments, elevation; IBGE, 2012). To quantify heterogene-
ity within IBGE polygons, we evaluated the variation in predicted 
floristic	 (NMDS	axis)	values	 in	our	maps	 for	each	 IBGE	vegetation	
class. The IBGE map was obtained from the Brazilian Institute of 

Geography	 and	 Statistics	 (IBGE)	 geoserver	 (https://geose	rvicos.
ibge.gov.br/geose rver/web/; accessed in February 2021). When re-
porting the results, we will use the IBGE acronyms for the vegetation 
classes exactly as they are in the original publication, but translating 
and interpreting the Portuguese names into English with respect to 
flooding regime and geomorphology in the Juruá region. For exam-
ple, the class “Dae”, which is described as “floresta ombrófila densa 
aluvial com dossel emergente”, corresponds to the forests growing 
in the terraces of the Juruá River.

All analyses were carried out using R software (R Core Team, 
2020),	and	the	final	 layouts	of	maps	were	designed	in	QGIS	(QGIS	
Development Team, 2021).

3  |  RESULTS

3.1  |  Floristic variation in the Juruá area and 
explanatory power of the models

The	NMDS	ordinations	had	satisfactory	stress	values	for	three	di-
mensions	(0.12	—		palms;	0.05	—		ferns	+ lycophytes; 0.12 —  melas-
tomes and 0.11 —  gingers) and showed that the species composition 
can be divided into two floristically distinct groups of transects 
(Appendix	S1).	For	every	plant	group	and	all	groups	together,	multi-
ple	linear	regressions	showed	that	the	first	NMDS	axes	were	signifi-
cantly related to the locally measured concentration of exchangeable 
base cations in the soil (p < 0.01) but not to riverbank (p >	0.05).	
Using the RF models, we found that Pearson R2 for the best model 
predicting each axis consistently decreased from axis 1 to axis 3 for 
every plant group (Figure 2). The highest Pearson R2 values were 
found	for	axis	1	and	ranged	from	0.62	(palms)	to	0.81	(melastomes).

For all four plant groups, the maps of the predicted main gradient 
in	community	composition	(NMDS	axis	1)	in	middle	Juruá	revealed	
clear floristic turnover zones across the area (Figure 3). The maps 
produced with the four different plant groups were visually similar. 

F I G U R E  2 Comparison	of	cross-	
validation R2 values of the best Random 
Forest (RF) regression models for 
predicting values of each non- metric 
multidimensional	scaling	(NMDS)	
ordination axis. Models were produced 
separately for each plant group and for 
all groups analysed together. The best 
models were defined as the ones with 
the highest R2 using forward feature 
selection

https://geoservicos.ibge.gov.br/geoserver/web/
https://geoservicos.ibge.gov.br/geoserver/web/
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The eastern section was distinct from most of the western section. 
The floodplains of Juruá and other rivers and the southwestern re-
gion also appear to stand out from the rest of the area.

When	the	models	for	NMDS	axis	2	were	spatialized	(Appendix	
S2),	 the	visual	differences	between	the	eastern	and	western	areas	
remained	distinct,	except	for	palms	and	all	plants	together.	Similar	
NMDS	axes	values,	indicating	floristically	similar	plant	communities,	
could be found on both sides of the Juruá River.

3.2  |  Map evaluation, validation, and 
transferability of the predictions

In addition to cross- validation, we also validated the maps with a 
separate data set of 32 transects in which ferns + lycophytes and 
melastomes were inventoried. We found that the correlation be-
tween	predicted	and	observed	NMDS	axis	1	scores	was	higher	for	
ferns + lycophytes (r = 0.70) than for melastomes (r =	0.55).	For	axis	
2 the correlation was moderate for both ferns + lycophytes and me-
lastomes (r =	0.51–	0.57,	respectively).	The	correlations	for	the	third	
axis were extremely low for both plant groups (r =	0.08	and	−0.06	
for ferns + lycophytes and melastomes, respectively).

When evaluating the areas of applicability (Figure 4), we found 
that all models of the individual plant groups were applicable to a 
large part of the middle Juruá. As could be expected given the 

distribution of the field data, all models were more commonly ap-
plicable over the non- inundated areas than over the floodplains. 
The spatial distribution of applicability areas differed among plant 
groups, as their models used different sets of explanatory variables, 
with palms having the largest AOA and gingers the smallest. The area 
over which all four models were applicable (the intersection map in 
Figure 4) was considerably smaller than the applicability areas for 
each individual plant group. The model obtained for the combined 
data set (all four plant groups put together), in turn, had an interme-
diate size between those of the individual plant groups.

3.3  |  Correlations of predicted floristic variation 
between plant groups

We assessed whether the maps generated for the four plant groups 
separately and combined were correlated with each other. For 
NMDS	axis	1,	the	correlations	were	high,	varying	from	r =	0.96	be-
tween ferns + lycophytes and all plant groups combined to r =	0.64	
between palms and gingers. All correlations between ferns + lyco-
phytes,	melastomes,	and	gingers	for	NMDS	axis	1	were	above	0.85,	
while the correlations involving palms were slightly lower (between 
0.76	and	0.64;	Figure	5).	The	correlations	involving	axes	2	and	3	were	
moderate to very low (r	 between	0.50	 and	0.03)	 except	 between	
gingers and ferns +	lycophytes	for	NMDS	axis	2	(r =	0.72;	Figure	5).

F I G U R E  3 Main	spatial	patterns	in	the	community	composition	of	four	different	plant	groups	in	the	middle	Juruá	area	as	represented	by	
the	predicted	non-	metric	multidimensional	scaling	(NMDS)	axis	1	scores	for	presence/absence	data.	Human	settlements	were	masked	out	
and are shown in white; black dashed line corresponds to the boundary identified by Higgins et al. (2011) and interpreted by them as the 
limit	between	the	Solimões	(Pebas)	and	Içá	geological	formations
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3.4  |  Comparison with Brazilian vegetation map

We observed that the degree of floristic heterogeneity predicted by 
our models within the IBGE dominant vegetation classes varied among 
the	classes	(Figures	6a	and	7).	Open	lowland	forest	with	palms	(Abp)	
and open floodplain forest with palms (Aap) were highly heterogeneous 
classes, each encompassing virtually all the floristic variation observed 

in the entire area. The remaining classes appeared more homogeneous 
in floristic composition. Dense lowland forest with an emergent canopy 
(Dbe	—		depicted	in	pink	in	Figure	6a)	overlaps	to	a	large	degree	with	
one	extreme	of	the	floristic	gradient	(negative	NMDS	axis	1	values	of	
our	floristic	composition	map	—		depicted	in	blue	in	Figure	6b).	On	the	
western side, parts of the open lowland forest with palms (Abp) overlap 
with	the	opposite	extreme	of	the	floristic	gradient	(positive	NMDS	axis	

F I G U R E  4 Area	of	applicability	(AOA)	of	the	predictions	of	the	main	floristic	gradient	(non-	metric	multidimensional	scaling	[NMDS]	axis	
1 values presented in Figure 3) in the middle Juruá area for palms, ferns + lycophytes, melastomes, gingers and all plant groups combined. 
The intersection map highlights those areas over which all five models were applicable. Grey corresponds to areas where predictions are not 
applicable, and green to areas where the predictions are applicable

F I G U R E  5 Correlations	between	floristic	gradients	of	four	plant	groups	as	represented	with	scores	of	non-	metric	multidimensional	
scaling	(NMDS)	axes	1–	3	predicted	using	Random	Forest	models	over	the	middle	Juruá	area	of	Brazilian	Amazonia.	Predicted	values	of	each	
axis for each plant group were extracted for 10,000 randomly sampled points from the predictive maps (shown for axis 1 and 2 in Figure 3, 
and	Appendix	S2,	respectively)
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1	values	—		depicted	in	red	in	Figure	6b).	The	biggest	differences	in	aver-
age floristic composition values were observed between open lowland 
forest	with	bamboo	(Abb;	average	NMDS	axis	1	score	1.23)	and	all	the	
dense	forest	classes	(Dae,	Dau	and	Dbe;	average	NMDS	axis	1	scores	
0.04,	0.01	and	−0.38,	respectively;	Figure	7).

4  |  DISCUSSION

Landscapes are viewed as networks of habitat patches in which 
species occur as discrete local populations connected by migration 
(Hanski, 1998). Understanding the spatial distribution of habitats 
allows predictions of species occurrences and population densi-
ties, which are relevant for testing biogeographical hypotheses and 
can influence strategies for conservation and the use of natural re-
sources. Below we discuss the maps of floristic gradients that were 

presented above and how they can advance vegetation mapping and 
biogeographical understanding.

4.1  |  Congruence among plant groups

Strong	congruence	in	community	composition	among	plant	groups	is	
an indication that there is a common driver of their spatial patterns, 
which can be understood as habitat variation. We interpreted the 
strong congruent patterns among the maps for each plant group as 
a consequence of common species responses to variation in edaphic 
conditions	in	the	region	(Tuomisto	et	al.,	2016,	2019).	Maps	for	palms	
had less explanatory power than those for the other groups, prob-
ably because palm species tend to be more generalists than species 
of the other groups, and compositional differences would be more 
apparent with abundance data than with the presence/absence data 

F I G U R E  6 Comparison	between	
the Instituto Brasileiro de Geografia 
e Estatística (IBGE) vegetation map 
(a, c, e) and the predicted non- metric 
multidimensional	scaling	(NMDS)	axis	
1 scores obtained with all four plant 
groups together (b, d, f). Each circle 
corresponds to one floristic inventory 
site. Circle sizes are scaled according 
to	the	observed	NMDS	axis	1	values,	
which represent position along the main 
observed floristic gradient. Acronyms 
for dominant vegetation classes in the 
legend are as in the original publication 
(IBGE, 2012), but the names have been 
translated on the basis of interpretation 
with respect to flooding regime and 
geomorphology in the Juruá area
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used	here	(Ruokolainen	&	Vormisto,	2000;	Kristiansen	et	al.,	2012;	
Tuomisto	et	al.,	2016;	Cámara-	Leret	et	al.,	2017).

4.2  |  Assessment of map transferability

Recently, predictive spatial modelling for mapping exercises has be-
come more common (Hengl et al., 2017), but the degree of uncer-
tainty of these maps has rarely been assessed, leading to a loss of 
confidence in the accuracy of global maps (Meyer & Pebesma, 2020). 
Explicit documentation of locations where predictions are less cer-
tain is crucial, especially in applied fields, such as when prioritizing 
conservation efforts (Pelletier et al., 2018). The AOA maps revealed 
that our models were not transferable to the southwestern part of 
the study area in the Tarauacá river drainage. This could be related to 
geological or climatic factors or a combination of both. The area has 
a	higher	prevalence	of	the	Solimões	formation	than	the	main	Juruá	
River drainage and is also in a transition zone towards the more sea-
sonal bamboo forests further south (Carvalho et al., 2013; Tuomisto 
et al., 2019). The presence of bamboo in the forest clearly changes 
the	 reflectance	of	 the	canopy	 (Carvalho	et	 al.,	 2013;	Van	doninck	
et al., 2020), and the gradient of reflectance was probably longer in 
the	SW	part	of	the	area	of	interest	than	in	the	training	data	set.

The distinctness of the Tarauacá River drainage was also re-
flected in that we found lower predictive power for floristic variation 
when using a separate 32- transect test data set than when using 
cross- validation within the 39 transects used for model building. 
The 39- transect set included no samples from the Tarauacá River, so 
the predictions for that area were based on field sites with different 
characteristics. Nevertheless, the relationship between predicted 
and observed floristic composition for ferns + lycophytes remained 
relatively high, suggesting that our results were spatially transfer-
able to another subbasin in the larger Juruá region and possibly to 
other areas with similar environmental conditions.

4.3  |  Floristic patterns and 
biogeographical hypothesis

Our maps were able to reproduce a sharp turnover zone in floristic 
composition, which has been previously associated with geologically 
driven changes in soil characteristics (Higgins et al., 2011; Tuomisto 
et	al.,	2016,	2019).	Our	maps	also	indicate	that	the	boundary	is	not	
absolute, but rather that both sides of it are floristically heterogene-
ous. Consequently, the Juruá River itself runs across a heterogene-
ous landscape, and knowledge of the configuration of the different 
habitats is important to understand species distributions and popu-
lation structures in the area. For example, our maps provide guid-
ance for effective geographical placement of field sampling for the 
testing of the riverine barrier hypothesis along the Juruá River. As 
can	be	seen	in	Figures	3	and	5,	the	northern	and	southern	sides	of	
the Juruá differ floristically in the stretch between the mouth of the 
Tarauacá	and	the	Solimões/Içá	geological	boundary,	which	reflects	
environmental	 (especially	 soil)	 differences	 (Tuomisto	 et	 al.,	 2016).	
If this environmental background is overlooked, across- river dif-
ferences in the species composition or genetic structure of other 
organisms might erroneously be interpreted as evidence for the riv-
erine barrier hypothesis. To ensure robust biogeographical conclu-
sions, sampling should be planned using appropriate vegetation or 
floristic maps such that similar habitats are sampled and compared 
on both sides of the river (Tuomisto & Ruokolainen, 1997).

Earlier studies on small mammals and plants found no evidence 
that the Juruá River would be a distribution barrier (Gascon et al., 
2000;	Tuomisto	et	al.,	2016).	This	might	be	expected,	because	the	
Juruá river channel is narrow, extensively meandering and with slow 
streamflow compared with rivers that have more often been cited 
as	 barriers	 (Wallace,	 1852;	 Ayres	 &	 Clutton-	Brock,	 1992;	 Aleixo,	
2004; Ribas et al., 2012). However, the Juruá has an extensive 
floodplain, and recent analyses of taxonomically updated data have 
revealed more pronounced differences in primate species composi-
tion (Fordham et al., 2020) and plumage colour of some understo-
rey birds (Del- Rio et al., 2021) from the non- inundated areas across 
the river. To what degree these observations are related to habitat 
variation vs the presence of the river and its floodplain remains an 
open question. Disentangling potential environmental and historical 
effects is crucial to clarify the evolutionary history of Amazonian 
biota, and this requires a proper control of environmental variation 
(Tuomisto & Ruokolainen, 1997; Maximiano et al., 2020). Here we 
provide floristic maps that help to address this challenge.

4.4  |  Comparison with Brazilian Vegetation map 
from IBGE

We observed that the degree of floristic heterogeneity predicted 
by our models within the IBGE dominant vegetation classes varied 
among the classes. We found that the IBGE open- forest classes 
were floristically more heterogeneous, which was also previously 
observed for canopy trees (Emilio et al., 2010). Open lowland forest 

F I G U R E  7 Boxplots	of	the	variation	in	predicted	floristic	
composition	values	(non-	metric	multidimensional	scaling	[NMDS]	
axis 1) based on all four plant groups together within each 
dominant vegetation class of IBGE (2012). For full names of the 
vegetation	classes,	see	Figure	6
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with palms (Abp) contained a large variation in floristic composition. 
This class overlapped to some degree with the forests depicted in 
red on our maps which are forests growing over soils with a rela-
tively high concentration of exchangeable base cations. Forests 
on nutrient- rich soils in Amazonia tend to be more dynamic and 
to have lower trees and more canopy gaps than forests on poorer 
soils	(Higgins	et	al.,	2015).	Canopy	palms	are	an	important	structural	
component of the Abp forest class, and taller palms seem to prefer 
habitats with higher soil nutrient concentration (Cámara- Leret et al., 
2017). In contrast to the Abp class, the Dbe class (dense lowland for-
est with emergent canopy) was found to have low tree beta diversity 
(Emilio et al., 2010) and was also floristically more homogeneous in 
our maps. This class overlapped to a large degree with areas that in 
our maps corresponded to negative values in the main floristic com-
position	gradient	(NMDS	axis	1).	This	area	also	corresponds	to	the	
Iça	 formation	 (Schobbenhaus	et	al.,	2004)	with	relatively	nutrient-	
poor	soils	(Higgins	et	al.,	2011;	Tuomisto	et	al.,	2016).	The	Aap	class	
as defined by IBGE (2012) corresponds to forests over floodplains. 
Because the Juruá is an actively meandering river, its floodplain is 
a highly dynamic and spatially heterogeneous mosaic of different 
flooding conditions and sedimentation regimes that support suc-
cessional	 vegetation	 patches	 of	 different	 ages	 (Salo	 et	 al.,	 1986;	
Toivonen et al., 2007). Although our floristic sampling did not cover 
the floodplains, their high heterogeneity was revealed by the satel-
lite imagery.

The congruencies and incongruences between the floristic map 
and the vegetation classes suggest some degree of correspondence 
between canopy and understorey plant species composition pat-
terns with dominant vegetation classes but also reveals a high de-
gree of heterogeneity within some of those classes.

5  |  CONCLUSION

Our analyses in the middle Juruá area revealed habitat distributions, 
patch sizes and connectivity using RF models that were assessed to 
be accurate and transferable to areas beyond the localities of flo-
ristic	inventories.	The	mapped	floristic	patterns	were	based	on	GIS	
predictors that captured variation associated with environmental 
gradients. To what degree the identified patterns can also reflect 
turnover of species or genotypes in animal groups remains to be in-
vestigated.	Some	studies	have	suggested	that	distribution	patterns	
of plants and animals in Amazonia are, to some degree, congruent 
(Pomara et al., 2012, 2014; Dambros et al., 2020). Therefore, our 
floristic maps can be used to formulate expectations for other taxo-
nomic groups on species turnover and distribution patterns related 
to current environmental variation. These can be compared to pre-
dictions based on dispersal barriers or other historical explanations 
to disentangle their relative roles in driving the current biogeograph-
ical patterns in the Juruá region.

Because densities of plant and animal populations with economic 
importance are also likely to be driven by habitat preferences, hab-
itat mapping has direct implications for community- based resource 

use and management planning (Newton, Peres et al., 2012; Newton, 
Watkinson	et	al.,	2012;	Campos-	Silva	et	al.,	2018)	as	well	as	 liveli-
hood strategies (Newton, Endo et al., 2012). A spatially explicit ap-
proach such as ours is also needed to understand metapopulation 
dynamics and to support science- based conservation and land- use 
planning.
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