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Abstract 183 

Ecosystem services have gained importance in conservation science in the last decade. 184 

As conservationists often have difficulty obtaining financial and social support for 185 

protected areas that do not demonstrate their benefits for society, ecosystem services 186 

provide further justification for appropriate management and conservation of natural 187 

systems. With spatial and quantitative information, land use decisions can incorporate 188 

areas with the best trade-offs and win-wins between services, biodiversity conservation 189 

and economic activities. Here, we take as our region of study the Iron Quadrangle, an 190 

important Brazilian mining province and a conservation priority area located in the 191 

interface of two biodiversity hotspots, the Cerrado and Atlantic Forest biomes. We used 192 

InVEST software and a set of GIS procedures to quantify and spatialize ecosystem 193 

services – habitat quality, carbon stock and sediment retention – and evaluated the overlap 194 

between them. In addition, we proposed a method to indicate priority areas with 195 

synergism between ecosystem services and biodiversity conservation. We also improved 196 

the habitat quality model with a topography parameter, and used a model that consider 197 

the tree mortality caused by edge effects in the estimative of carbon stock. We found low 198 

spatial congruence between the services modeled, mostly because of the pattern of 199 

sediment retention distribution. The method allowed us to successfully achieve a 200 

preliminary spatial plan for ecosystem services priority areas in the region, with 13% of 201 

the study area indicated as priority for the maintenance of key ecosystem services. Among 202 

those priority areas, 30% are within already established strictly protected areas and 12% 203 

are in sustainable use protected areas. We considered ecosystem services analysis very 204 

important in the Iron Quadrangle region because of increasing mining pressures that could 205 

generate high social and economic externalities costs. An ecosystem services approach is 206 

increasingly needed, as human population and the economic activities continue to grow. 207 

Following the transparent and highly replicable method shown in this study, conservation 208 

planners can better determine which areas fulfill multiple goals and can locate the trade-209 

offs in the landscape. 210 

Keywords 211 

InVEST; Iron Quadrangle; conservation planning; sediment; biodiversity; carbon stock 212 
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Introduction 213 

Ecosystem services are the benefits provided by natural ecosystems for humans [1,2]. 214 

Among them are the provision of food, wood, water quality, climate regulation, wildlife-215 

based tourism and pollination of crops. This concept has garnered great importance in 216 

conservation science in the last decade [3]. The Millennium Ecosystem Assessment, an 217 

international scientific collaboration, has reported a widespread decline in ecosystem 218 

services across the world [2]. The research emphasized the urgent need to incorporate 219 

services in decision-making process in order to ensure human well-being, presently and 220 

in the future. In this context, the Conference of Parties (COP 10) to the Convention on 221 

Biological Diversity (CBD) established a global strategic plan for biodiversity in which, 222 

among others, the protection and the restoration of ecosystem services are targets to be 223 

accomplished until 2020 [4].  224 

The ecosystem services approach supports biodiversity conservation. Conservationists 225 

often have difficulty to obtain financing and social support for protected areas that do not 226 

demonstrate their benefits for society [5,6]. Normally, the areas defined as priority are 227 

rich in species and concentrate high levels of endemism [7–9], as well as within a well 228 

connected and highly conserved context [10]. In most cases, the development and 229 

implementation of this strategy is unrelated to the economic and social debate; however, 230 

their integration could reduce the conflicts and trade-offs between them [11]. Services 231 

provide further justification for appropriate management and conservation of natural 232 

systems, and for more financial support for these two activities [5,12]. Furthermore, the 233 

ecosystem services approach has the potential to preserve areas outside legally protected 234 

reserves, which is an important feature in face of the global proliferation of disturbed 235 

landscapes [2,13,14]. These areas are usually maintained through payments for 236 

environmental services (PES), in which beneficiaries pay landowners for the conservation 237 

and maintenance of ecosystems and their services [15]. This is a promising way to align 238 

social and economic development with protection of natural environments and their 239 

ecological processes. 240 

Aiming to improve recognition and application of ecosystem services in the decision-241 

making process, important elements that need to be prioritized are the understanding, 242 

modelling and mapping of these services, linking them to human well-being [16]. Spatial 243 

prioritization is considered an important step of biological conservation planning [17].  244 
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With spatial and quantitative information, land use decisions could incorporate areas with 245 

the best trade-offs and win-wins between services, biodiversity conservation and 246 

economic activities [18]. Those are very important tools for decision-making, especially 247 

in conflict regions where the natural surroundings are greatly affected by the main 248 

economic activity, such as mining. According to Seppelt et al. [19], the recent studies on 249 

mapping and quantifying ecosystem services are concentrated in a few countries (50% of 250 

153 reviewed works are located in only six countries), and are lacking in research on 251 

tropical areas. The works that sought to analyze the overlap between biodiversity rich 252 

areas and areas providing services are still incipient and have conflicting results 253 

[14,18,20–22]. This suggests a need to extend this kind of research, mostly in places 254 

where current human activity can harm the conservation of the natural capital. 255 

Here, we take as a region of study the Iron Quadrangle, located in southeastern Brazil. 256 

Besides being an important mineral reserve for the country [23], the Iron Quadrangle is 257 

also a conservation priority area [24]. Located in the interface of two Brazilian 258 

biodiversity hotspots, Atlantic Forest and Cerrado [8], the Iron Quadrangle has a high 259 

endemism level for amphibians and plants, high vertebrates richness, a large extension of 260 

ironstone outcrops, one of the country’s most threatened geologic formations [24,25] and 261 

important groundwater and watersheds for human population. 262 

Therefore, the region has characteristics – biodiversity, endemism, human demand for 263 

services and economic pressures on the environment – that illustrate the need to 264 

incorporate human well-being and economic externalities into conservation science. 265 

Focusing on modeling and mapping habitat quality (a biodiversity indicator), carbon 266 

stock and sediment retention, the aims of this work were: 1) Quantify and spatialize these 267 

ecosystem services; 2) Identify which parameters influence the ecosystem services 268 

model; 3) Evaluate the overlap and the synergism between ecosystem services and 269 

biodiversity; 4) Indicate priority areas for ecosystem services and biodiversity 270 

conservation. We expect that habitat quality has a positive correlation with ecosystem 271 

services and that each model parameter has a different influence on the models. 272 
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Methodology 273 

Study area 274 

The Iron Quadrangle has about 7000 km2 and is located in the central-east region of Minas 275 

Gerais state, Brazil (Fig. 1). The Iron Quadrangle is responsible for approximately 67% 276 

of Brazil’s measured iron ore production [23], and is submitted to increasing global 277 

demand for iron and steel [26]. The Iron Quadrangle is located within two of Brazil’s 278 

major watersheds, Rio Doce and Rio São Francisco. A subtropical latitude climate 279 

prevails, characterized by a dry winter and rainy summer, where places with higher 280 

rainfall indices have an annual mean of almost 2000 mm, and those with lower rainfall 281 

indices have an annual mean of 1400 mm [27]. The altitude ranges from 586 to 2087 282 

m.a.s.l. Many vegetation types occur in the Iron Quadrangle, varying from tropical 283 

semideciduous forest to rupestrian grasslands, due to the high geodiversity, different soil 284 

types and altitudinal/climate gradients [28,29]. We chose the Iron Quadrangle as a study 285 

region due to its high levels of biodiversity and endemism, the occurrence of relatively 286 

large natural areas, the presence of relevant watersheds providing water for one of the 287 

largest urban centers in Brazil, and due to the increasing anthropogenic pressures 288 

associated mostly with mining activities and urban expansion [25,26].  289 

 290 

Fig. 1 – Map of the study area.  Map representing the Iron Quadrangle’s selected 291 

watersheds, the digital elevation model with its altitude range and the main ridges. The 292 

inset illustrates the location of the study area within Brazil and Minas Gerais. 293 

 294 

For the study area delimitation, we used the digital elevation model (DEM) available for 295 

the region, obtained from the “Advanced Spaceborne Thermal Emission and Reflection 296 

Radiometer” (ASTER GDEM). Using digital and automatic processing, we delimited 297 

watersheds in the region with the GRASS GIS software [30]. Each watershed had a 298 

minimum area of 36 km2. During this digital processing, we generated data on flow 299 

direction, flow accumulation and definition of the drainage network (for more details see 300 

[31]. After that, we selected 80 watersheds, using the criterion of being inside the Iron 301 

Quadrangle area, the availability of maps and other necessary information for subsequent 302 

analysis. The total area summed approximately 6500 km2 and contains the alignments of 303 
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Serra do Curral to the north, Serra de Ouro Branco to the south, Serra da Moeda to the 304 

west, Serra do Gandarela and Serra do Caraça to the east (Fig. 1). 305 

Modeling key ecosystem services 306 

The InVEST model as baseline 307 

For mapping and quantifying habitat quality and ecosystem services, we used InVEST 308 

(Integrated Valuation of Ecosystem Services and Tradeoffs), a GIS tool developed by 309 

Stanford and Minnesota Universities, World Wildlife Fund and The Nature Conservancy 310 

[32]. This geospatial tool helps to evaluate land use change impact on ecosystem services 311 

[33,34]. As cited by Nelson et al. [35] “InVEST is a suite of service models that use 312 

production functions to convert maps of land use and land cover (LULC), land 313 

management, and biophysical conditions into maps of service supply”. It uses mostly free 314 

available data and, therefore, has a generalization characteristic that is important to cover 315 

different landscapes, situations and needs. As InVEST software not fulfilled all our needs 316 

to model the ecosystem services of interest, we developed a set of GIS tools to complete 317 

the tasks (see below).  318 

Land use and land cover map 319 

To obtain a LULC map for the study area that would serve as an input to all models, we 320 

mosaicked and manually edited the maps provided by Vale S.A. company, which were 321 

elaborated in 2008 [36,37]. Using ArcGIS 10.2 software [38] for visual analysis, we chose 322 

the best maps for each class in each watershed, having as reference Landsat 8 OLI images 323 

from 2013, obtained from United States Geological Survey website (USGS), and 324 

RapidEye images from 2009, provided by Minas Gerais Institute of Forestry (IEF-MG). 325 

We combined different spectral bands and produced several image compositions to 326 

facilitate visual identification of LULC classes (see the definition of classes in S1 Table). 327 

Then, we fixed a 1:20,000 scale, performed a new visual analysis using manual edition 328 

and generated a more accurate LULC map.  329 

We validated the LULC map through ground truth points collected (total of 471 points) 330 

throughout the entire region. Field routes were predetermined, aiming to cover the 331 

majority of watersheds. In order to quantify the classification’s accuracy, we generated a 332 

confusion matrix using the cover classes from our map and from the ground truth points 333 

and calculated omission and commission errors. We aimed to have overall classification 334 

accuracy greater than 80%. S2 Table presents the results of this matrix. 335 
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Habitat quality 336 

Biodiversity per se is not considered an ecosystem service, but it is well recognized as 337 

important to ecosystem processes and to maintenance of several ecological functions and 338 

services such as primary production, disease and pest control [1,39]. The InVEST model 339 

assumes a positive relationship between habitat quality and biodiversity [32]. We 340 

consider habitat quality as a proxy for quantity and quality of available resources, which 341 

means the ability of a natural environment to promote appropriate conditions for the 342 

persistence of individuals and populations. We assumed that habitat quality decreases 343 

with the proximity of anthropic land use, but varied the intensity of this decrease 344 

according to the land use class. In the model, we defined which LULC classes were 345 

considered as habitat using a binary system in which zero corresponded to the threat 346 

LULC classes and one to the habitat LULC classes. Additionally, we assigned different 347 

weights or intensities to LULC classes according to their habitat quality degradation 348 

capacity (wr). To address this parameter, we consulted with 16 specialists that had 349 

knowledge about the study area and about different organisms groups (mammals, birds, 350 

amphibians, reptiles and plants). We asked them to evaluate the LULC classes according 351 

to their threat intensity level, giving them values from zero to ten (see S3 Table). This 352 

approach is called expert knowledge and is increasingly used in landscape ecology 353 

analysis [40–42]. We used the Delphi method [43], in which the questionnaire with a text 354 

description of the survey was sent to experts via e-mail. Based on the responses, we 355 

calculated the average threat intensity value for each group of organism studied. The 356 

experts received the summary of results with a request to review their initial position, 357 

keep it the same if they were sure of their answers or, if not, change their previous 358 

evaluation. Based on the revised information, we calculated the median of all intensity 359 

values obtained per threat. In addition, the InVEST model considers the distance between 360 

the threat’s source and the habitat. The intensity of impact on habitat quality caused by a 361 

specific threat decreases with distance according to a decaying exponential function (see 362 

Equation 3). We obtained the maximum influence distance by the same specialist surveys. 363 

As the Iron Quadrangle has a relatively high altitudinal range, its hills and mountains can 364 

be seen as geographic barriers for the impacts caused by some LULC threats (S1 Fig.). 365 

We adapted the InVEST model to incorporate hilly conditions as a barrier to threat 366 

propagation. As it is not implemented within InVEST/ArcGIS, the new procedures were 367 

coded within GRASS GIS. First, we used the slope (in degrees, derived from a digital 368 
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elevation model, 30 m of spatial resolution) and its cosine to correct the distance from the 369 

threats (da), accounting for the ups and downs of relief: 370 

 30 / cosad θ=   (1) 371 

where the number 30 is due to the raster resolution, and θ is the slope in degrees (see S1 372 

Fig.). Then, we did the maximum relief curvature analysis in GRASS GIS to identify the 373 

position where the relief became a barrier to threat propagation. To calculate maximum 374 

relief curvature, we input a 500 m radius of influence around every pixel, considering 375 

maximum relief curvature higher than 20% as a barrier to threat propagation. Based on 376 

the maximum distances found in the expert consultation, we put a value of 300 on the 377 

remaining pixels to simulate a geographic barrier in which the distances following it 378 

would be too great for any impact to be significant. We summed the maximum curvature 379 

and the “da” rasters to obtain a “distance cost surface” for the subsequent analysis, i.e., 380 

we created a new relief distance raster that attenuated the impact factor of threats where 381 

a relief barrier exists. Lastly, with this new raster, we did a cost distance model in ArcGis 382 

software treating each one of the threats as a source. With this, we obtained a “cost-relief-383 

distance” (dc) for each pixel. To summarize, “dc” is equal to the cost distance model 384 

(CDM) of the sum of “da” and the maximum curvature raster (mcr): 385 

 ( ) c ad CDM d mcr= +   (2) 386 

Considering the LULC raster map of the study area, the impact (irxy) of pixel (y) with a 387 

certain threat class (r) over a habitat pixel (x) is given by equation: 388 

 
2.99

exprxy ci d
dmax

  = −  
  

  (3) 389 

where “dc” is the obtained cost-relief-distance between the pixels and “dmax” is the 390 

maximum influence distance.  391 

Impacts have low accessibility to protected areas, which usually have some kind of 392 

management project and administration policy for their protection. Brazil’s National 393 

System of Conservation Units (SNUC) provides categories for protected areas established 394 

in the country’s territory [44], which can be divided in strictly protected areas (IUCN 395 

Categories I-III) and sustainable use protected areas (IUCN Categories IV-VI). We 396 

defined lower accessibility (βx) for all impacts (with value 0.5) in strictly protected areas, 397 

decreasing the impact influence in those areas. One of the strictly protected areas was 398 
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omitted from this evaluation, as it is a very recently created national park (October 2014 399 

– Gandarela National Park) and lacks a management project and administration. 400 

However, we defined all evaluated habitats as equally susceptible to all sources of threats. 401 

Thus, the total level of threat (Dxj) in a particular pixel (x) with a given habitat class (j) is 402 

given by the equation: 403 

 
1 1

1

 ( )
R Yr

xj rxy xR
r y

r

Wr
D i

Wr
β

= =
=

=∑∑
∑

  (4) 404 

The habitat quality (Qxj) in a given pixel (x) is given by the equation: 405 

 1
0.5

xj
xj

xj

D
Q

D

 
= −   + 

  (5) 406 

Carbon stock 407 

In this study, we modeled carbon storage according to the amount of four main reservoirs: 408 

i) the aboveground living plant biomass; ii) belowground biomass, which includes the 409 

roots of these plants; iii) soil organic components, that represents the largest terrestrial 410 

carbon reservoir [45]; iv) dead organic matter present in the litter. We used average data 411 

available in the literature for each LULC class (S4 Table). We sought data that were from 412 

the same watersheds or had vegetation, climate and soil features similar to the study area. 413 

We considered only terrestrial environments. For the forest class, it is described in the 414 

literature that edge effects reduce the aboveground and belowground biomass by 415 

increasing tree mortality in the first 100 meters [46–49]. We went beyond InVEST model 416 

and took this into consideration by reducing the biomass under edge effects and, therefore, 417 

carbon stocks according to what is found in restoration areas in the region [49]. The 418 

belowground biomass (BGB) of forest and urban classes were calculated according to the 419 

equation described by Pearson et al. [50]: 420 

 exp(1.0587 0.8836 ln )BGB AGB= + ×   (6) 421 

where AGB is the aboveground biomass. We assumed that 50% of the stock biomass is 422 

carbon [51]. 423 

Sediment retention 424 

Sediment retention was estimated using the universal soil loss equation (USLE) [52], 425 

which consider LULC information along soil proprieties, rainfall data and elevation. 426 
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Thus, the annual soil loss due to water runoff (A), measured in ton/ha/year, is given by 427 

the equation: 428 

 A R K LS C P= × × × ×   (7) 429 

where R is the rainfall erosivity (MJ/ha/(mm/h)), K (ton/MJ/ha/(mm/h)) is the soil 430 

erodibility factor, LS is the slope length-gradient factor, C is the crop management factor 431 

and P is the support practice factor. The last three factors are dimensionless.  432 

The rainfall erosivity index was calculated using the program NetErosividade [53]. The 433 

program allows calculating the annual erosivity for any location in the state of Minas 434 

Gerais from data interpolation performed using neural networks. We choose the method 435 

proposed by Foster et al. [54] to calculate the kinetic energy and the erosivity index EI30. 436 

The map had a coarse resolution (900 m) but was the only available map covering the 437 

whole region. In our case, we considered that precipitation rates did not vary significantly 438 

on a finer spatial scale than the one obtained, but did so on a temporal scale during one 439 

year [27]. We obtained the soil erodibility rate (which indicates the susceptibility of soil 440 

particles to be detached and carried by the rain) from studies in the literature for each soil 441 

type found in the region. The soil type map was provided by Vale S.A., at the scale 442 

1:50,000 [36,37]. The values for crop management and support practice factors were also 443 

taken from the literature (see S5 and S6 Tables), considering areas with similar 444 

characteristics; these practices were previously observed in the field. We obtained the LS 445 

factor from the digital elevation models cited for the delimitation of the study area. As 446 

the vegetation also retains eroded upstream sediment, the model also predicts a value of 447 

filtering sediments [32]. This field corresponds to the capacity of each LULC class to 448 

retain sediment coming from above the terrain and should be understood as relative 449 

values, reflecting the idea that one class can retain more sediments than another. We chose 450 

the values according to the relative density of vegetation found in each LULC class.  451 

Data analysis 452 

We performed three steps to analyze the models’ outputs: 1) Verified the parameters that 453 

most influence each model; 2) Checked for the overlap between the models’ output; 3) 454 

Created a prioritization method for those areas that overlapped. These analyses were made 455 

in ArcGIS and R software (R Core Team, 2013). For the first step, we perform a 456 

sensitivity analysis to quantify how the variance of model parameters influences the 457 

ecosystem service maps. We estimated the strength of influence of explanatory variables 458 
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on habitat quality, carbon stock and sediment retention using sensitivity analysis [55]. 459 

This was made through the standardized regression coefficient (src) analysis, which 460 

estimates the average, standard errors and 95% confidence interval of the relative 461 

contribution of each explanatory variable on each response variable – habitat quality, 462 

carbon stock and sediment retention [55]. The src varies between -1 and +1, with values 463 

near zero representing variables with low or null influence to response variable (i.e. 464 

ecosystem service maps). For the habitat quality model, we used as explanatory variables 465 

the impact of each LULC threat and the accessibility factor. For the carbon stock, we used 466 

each one of the carbon pools. For the sediment retention, we used the USLE parameters 467 

and the sediment filtration factor. To prepare a table with a response (ecosystem services) 468 

and explanatory variable (model parameters), we randomly selected ten thousands pixels 469 

of our entire region for analyzes. 470 

As each service uses a specific unit of measure, they were not directly comparable. In the 471 

second step, we rescaled the three service maps from zero to 100, following the formula: 472 

 100ij
i

X
Z

Xmax
= ×   (8) 473 

where “Xij” is the score for ecosystem service “i” in pixels “j”, “Xmax” is the maximum 474 

score for ecosystem service “i” across all pixels and “Zi” is the new score for that pixel. 475 

Only for the sediment retention results did we previously log-transform the data, because 476 

the amplitude of result values was too high. To assess the spatial correlation between the 477 

model results, we calculated Pearson’s correlation coefficients for each pair of services. 478 

We then assessed the ability to bundle the results of each model: Following Wendland et 479 

al. [14], we summed the areas containing overlap of pixels with more than a 0% value of 480 

each service, 15% and so forth, up to 90% or more.  481 

For the third step, we selected for overlap the 20% of pixels that had the biggest scores 482 

(on the zero to 100 range) of each model’s output. Next, we took only pixels where the 483 

overlap of at least two models occurred. As biodiversity conservation is an important aim 484 

in our prioritization analysis, we chose an organism dispersal capacity approach to create 485 

a spatial aggregation index for each one of the pixels that did overlap. With this method, 486 

the resultant conservation priority areas could increase the landscape’s connectivity, i.e., 487 

the degree to which the landscape facilitates organism movement among resource patches 488 

[56]. Thus, we used a 250 m radius focal statistical analysis, using the selected overlapped 489 

pixels as input and giving to each one as core equivalent to the number of neighboring 490 
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pixels within this radius. We chose this distance because of the ocelot (Leopardus 491 

pardalis) movement capacity in an inhospitable landscape matrix, the ocelot being a felid 492 

specie sensitive to habitat loss that occurs in our study region [57,58]. Therefore, we 493 

obtained a priority gradient for conservation and for future projects of payments for 494 

environmental services, ranging from low priority (pixels with low 495 

aggregation/connectivity) to high priority (pixels with high aggregation/connectivity). 496 

Results 497 

The LULC map had a global accuracy of 82% (S2 Fig. and S2 Table). We excluded from 498 

this analysis the LULC classes with less than 2% of the total study area (Table 1). We 499 

found that habitat classes (cerrado, forest, rupestrian grasslands, and water bodies) 500 

accounted for 70% of the study area, which confirm that, in general, the region is well 501 

conserved. Nevertheless, many natural habitats are suffering direct pressure from human 502 

disturbed LULC classes. For instance, we have more forest edge area than we have 503 

interior forests.  504 

 505 

Table 1 – Area and the percent of the total study area correspondent to each land 506 

use land cover (LULC) class.  507 

LULC name Area 
(Km2) 

Percent of the 
total area 

Agricultural fields 13.44 0.21 
Cerrado 962.96 14.83 

Eucalyptus plantations 316.56 4.88 
Forest 1249.63 19.24 

Forest edges 1637.97 25.23 
Mining areas 189.80 2.92 

Pasture 893.93 13.77 
Roads network 120.44 1.85 

Rupestrian grasslands 623.87 9.60 
Urban areas 436.85 6.73 
Water bodies 47.91 0.74 

In this table, forest and forest edges are considered separately. 508 

The three ecosystem services presented great variation in the Iron Quadrangle (Fig. 2). 509 

The habitat quality model ranged from zero to 0.99 (mean= 0.52 and standard deviation 510 

±0.35). Despite the high anthropogenic impact of many areas devoted to eucalypts, 511 
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pastures and mining activities, there are some places with relatively high habitat quality 512 

that promote appropriate conditions for sensitive species like the ocelot Leopardus 513 

pardalis [57]. Carbon stock varied from zero to 255.8 tons/ha (144.6 ±69.22). The log10 514 

of the sediment retention model had values between zero and 61.7 tons/ha/year (6.7 ±7), 515 

meaning that sediment retention was a diffuse ecosystem service, with few areas 516 

providing very high rates of retention, and many areas providing medium to low rates. 517 

 518 

Fig. 2 – Ecosystem services resultant maps. Iron Quadrangle’s outputs maps and their 519 

quantitative variation for each one of the models: habitat quality at the top, carbon stock 520 

(tons of carbon/ha) in the center and sediment retention (tons/ha/year) below. The three 521 

insets show the same zoomed area for its respective model.  522 

 523 

Sensitivity analysis 524 

The main factors influencing habitat quality were the amount of pastures (src= -0.44 525 

±0.01) and urban areas (src= -0.37 ±0.01), both with strong negative influence (Fig. 3A). 526 

In addition, the sensitivity analysis showed that the accessibility layer had low or null 527 

influence (src= -0.06 ±0.01), mostly because the strictly protected areas already have low 528 

impact influence from threat LULC classes in the study region. For the carbon stock 529 

model, the aboveground stock (src= 0.72 ±0.01) had the strongest influence in the model 530 

results variation (Fig. 3B), mostly because of the great differences in natural vegetation 531 

types in the region, ranging from grass lands (low aboveground biomass) to forests (high 532 

aboveground biomass). The results for the sediment retention model (Fig. 3C) showed a 533 

stronger influence of the LS factor (src= 0.3 ±0.02), and intermediate influence of K factor 534 

(src= 0.2 ±0.01) and sediment filtration (src= 0.17 ±0.01).  535 

 536 

Fig. 3 – Sensitivity analyses of the parameters used in three models, measuring their 537 

influences in output ecosystem services maps. A) Standardized regression coefficient 538 

(src) for the habitat quality model, where ACCESS is the accessibility parameter of 539 

anthropic land use land cover class impacts in conservation units, and the others are 540 

impacts caused by eucalyptus plantations (EUC), pasture (PAS), mining areas (MIN), 541 

urban areas (URB), road network and agriculture fields (AGR). B) The src values for the 542 
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carbon stock model, where DOC is the dead organic carbon, SOC the soil organic carbon 543 

and BGB e AGB are correspond to the carbon stock in below- and aboveground biomass. 544 

C) The src values for the sediment retention model, where FILT is the sediment filtration 545 

parameter and R, K, CP and LS are the USLE factors. 546 

 547 

Synergism and conservation priorities 548 

The three services modeled had different spatial distributions, as shown by the correlation 549 

coefficients in Table 2, although we found some areas with either high or low value to 550 

multiple services. Bundling the three services, we found weak spatial overlap between all 551 

three after a value of 15% or more of each service (Fig. 4). This overlap reached zero near 552 

45% or more of each service. Considering the overlap between sediment retention and 553 

the other two services separately, we found the same pattern. Notwithstanding, there was 554 

strong spatial overlap of up to 60% for biodiversity and carbon, showing a higher 555 

synergism of those two models’ results. 556 

 557 

Table 2 – Correlation Coefficients for each pair of models. 558 

Correlation Coefficients Habitat Quality Sediment Retention 

Carbon Stock 0.55 -0.07 

Habitat Quality 1 0.10 

The coefficients were obtained through Pearson’s correlation. 559 

 560 

Fig. 4 – Sum of the total area that overlapped when the services are bundled together 561 

in each one of the minimum percentiles. “C” is the carbon stock service, “S” the 562 

sediment retention and “H” the habitat quality. 563 

 564 

We produced a map of priority areas for conservation, which is shown in Fig. 5. These 565 

areas correspond to 13% (826 km2) of the study region. About 30% of these priority areas 566 

are already in strictly protected areas (counting the one recently created, the Gandarela 567 

National Park) and 12.2% are in sustainable use protected areas. As there are many kinds 568 

of sustainable use protected areas in Brazil, this study only considered the ones that assure 569 
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a minimum biological conservation status [44], as do the private reserves of natural 570 

heritage (RPPN in Portuguese acronym) and the National/State Forest (FLONA/FLOE). 571 

Also of interest in Fig. 5 is the presence of priority areas with high connectivity that are 572 

not within any existing protected areas. 573 

 574 

Fig. 5 – Gradient of priority areas and the conservation units present in the study 575 

region. Pixels nearer the red color have a high aggregation index and the ones near the 576 

blue color have a low value for the same index. 577 

 578 

Discussion  579 

We successfully achieved a preliminary spatial plan for priority areas in the region, which 580 

has the potential to reduce conflicts between socioeconomic and conservation interests. 581 

The method presents a promising alternative to find the synergism between ecosystem 582 

service and biodiversity protection, providing an opportunity to consider ecosystem 583 

services as a new argument for supporting decision making in a conservation framework 584 

and, at the same time, incorporating human needs and demands in the priority areas 585 

planning process [2,18]. Our study demonstrated that, even with limited information 586 

available, we could quantitatively access and analyze areas with high capacity for 587 

providing ecosystem services throughout the space. Following the transparent and highly 588 

replicable method described in this study, conservation planners can better determine the 589 

areas within the landscape that provide multiple goals and trade-offs. The ecosystem 590 

services approach is increasingly necessary, as the human population and economic 591 

activities continue to grow [2].  592 

One key aspect of this process was to determine how ecosystem services and biodiversity 593 

could be bundled together. We found low congruence between sediment retention and the 594 

other two models’ results – carbon stock and habitat quality – mostly because the 595 

sediment retention model had the majority of pixels with intermediate values spread 596 

across the landscape. The Iron Quadrangle also has a very rugged topography. As this 597 

model is sensitive to the LS factor, we argue that it could have reduced the spatial 598 

correlation with the other two models. Despite this fact, the sediment retention service is 599 

important because it highlights areas where landowners need to preserve riparian 600 
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vegetation, particularly under rugged terrain conditions. The Brazilian National Forest 601 

Code already determines the sizes for riparian forest buffers to be preserved by 602 

landowners [59], but this is not always accomplished [60], and thus, environmental 603 

liabilities have a negative impact on sediment retention services.  604 

The correlation of terrestrial carbon and biodiversity is still controversial, having different 605 

patterns in different scales and landscapes [22,61–64]. In this study, carbon stock had a 606 

high congruence with biodiversity when compared to sediment retention. This is because 607 

the remaining forest fragments are large enough to have forest blocks that do not suffer 608 

from edge effects and are located in regions that are topographically protected from the 609 

impacts of anthropic land uses. The maintenance of those areas could be a target for 610 

economic incentives, such as the Warsaw Framework for Reducing Emissions from 611 

Deforestation and Forest Degradation, known as REDD+ [65]. For this, the government 612 

and landowners have to demonstrate emission reductions through improved carbon 613 

stocks, forest protection and/or sustainable management, comparing it to a “business-as-614 

usual” scenario. 615 

It is important to notice that our relief-factor applied to the habitat quality model reduced 616 

the impact of anthropic areas in the habitats LULC classes. In areas of very rugged 617 

topography such as the Iron Quadrangle, we have to consider the geographical barriers 618 

for these impacts and think beyond the linear distances. We argue that we have taken an 619 

important step towards the improvement of the InVEST habitat quality model, which 620 

received only a few updates of early versions ([66] compared to [32]). For this, we merely 621 

added the digital elevation model as an input, maintaining the simplicity and replicability 622 

of the model since this information is readily available and already used in other InVEST 623 

models. This model should be validated to ensure its efficacy.  624 

Among the priority areas found in our analysis, 42.2% overlapped with protected areas. 625 

The ones that overlapped with strictly protect areas could have financial support through 626 

payments for those ecosystem services. Usually, these reserves and parks lack financial 627 

support and management projects [5], do not always contain nearby deforestation [67], 628 

and suffer pressures from local community because they have high opportunity cost 629 

[9,11,68,69]. Ecosystem services are already helping to solve those problems in some 630 

parts of the world [12,69–71] and can assist in this case. In private reserves, landowners 631 

could earn additional income based on the valuation of social benefits derived from 632 

ecosystem services, incorporating the positive externalities into the value of their 633 
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protected areas for sustainable use. For areas that did not overlap with any conservation 634 

units, yet have high aggregation indices, we recommend implementation of strictly 635 

protected natural reserves (IUCN Category Ia). Those areas are extremely important for 636 

maintaining landscape connectivity and are large enough to conserve high rates of 637 

ecosystem services, permitting many sensitive species to persist. The areas around them 638 

and around those with lower connectivity indices could be sustainable use protected areas, 639 

due to adequate management aiming at future ecosystem services provision. Together, 640 

our priorities areas and the conservation units of the Iron Quadrangle cover 20% of the 641 

study region, more than the eleventh terrestrial environment target established by the 642 

Aichi Biodiversity Targets for 2020 [4]. 643 

We considered ecosystem analysis very important in the Iron Quadrangle region because 644 

of increasing mining pressures [26] that could generate high social and economic 645 

externalities in the region. The productive mining sector is expanding in the study area 646 

and creating new open pit mines, leading to losses in vegetation and soil carbon stocks as 647 

well as more erosion and siltation of rivers, triggering problems for populations 648 

downstream, despite losses in groundwater recharge ([72,73]. This is worrying if we 649 

consider that 43% of water consumption for the state’s capital metropolitan area depends 650 

on the flow of rivers in the region [74]. 651 

Quantifying other services in the landscape is necessary to better understand the 652 

opportunities for financial and social support for conservation. Services that provide 653 

direct benefits, such as timber production or food provision, can have many trade-offs for 654 

biodiversity conservation [2]. Moreover, we need to account for the additionality of ours 655 

priority areas [14,75], because if they are already going to be preserved or not deforested 656 

in the future, they do not need to be prioritized and the economic resources can be 657 

allocated to other places [76]. This could be done with projections of probable future 658 

scenarios that encompass stakeholders needs and deforestation rates [33,77–80]. Finally, 659 

it is also important to quantify and spatially analyze the demand for services [76]. In the 660 

case of the services described here, the scale and location of service provision is not the 661 

same as its beneficiaries. Carbon has a local supply and global beneficiaries, and sediment 662 

retention has supply and demand in different spatial regions on the landscape. We believe 663 

that the spatial integration of biodiversity targets, ecosystem services provision and direct 664 

beneficiaries of pristine habitats could provide stronger arguments in conservation 665 

policies in conflict regions. 666 
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Supporting Information 905 

S1 Table - Land use land cover (LULC) class names and descriptions found in the 906 

Iron Quadrangle region.  907 

LULC class name Description 

Agricultural fields Mosaic cropland (50-100%) / vegetation 

(grassland/shrubland/forest) (0-50%) 

Cerrado Brazilian savanna vegetation/natural grasslands/shrubland 

Eucalyptus plantations Mosaic eucalyptus plantations (50-100%) / vegetation 

(grassland/shrubland/forest) (0-50%)/ 

Forest Open-Closed (>40%) semi-deciduous Atlantic Forest 

Mining areas Areas with opencast mines. Includes buildings, associate 

industrial infrastructure, and small water bodies created by 

mining. 

Pasture Mosaic pasture (50-100%) / vegetation 

(grassland/shrubland/forest) (0-50%) 

Roads network Highways and roads. Minimum width of 30 meters. 

Rupestrian grasslands Shrub and grasslands, typical from altitudes ranging from 

900 to 2000 meters. 

Urban areas Mosaic of Buildings, roads and artificial surface areas (50-

100%)/vegetation within urban areas (<50%) 

Water bodies Natural and anthropic made water bodies 

Data used for mapping and as input in the three models – habitat quality, carbon stock 908 

and sediment retention.909 
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S2 Table - Confusion matrix for the land use land cover map.  

Using only the LULC class that had more than 2% of the total study area . The columns represent the number of ground truth 
points and the lines represent the pixels classification in this study. The commission and omission errrors are the proportion of 
the errors in the lines and columns respectively. 

 Cerrado 
Rupestrian 
grasslands 

Eucalyptus Forest 
Mining 
areas 

Pasture 
Urban 
areas 

Total 
Commission 

Errors 

Cerrado 36 1 2 3  5 2 49 0.27 

Rupestrian 
grasslands 

6 47 2 2 1 1  59 0.20 

Eucalyptus 1  38 2 1 2  44 0.14 

Forest 6 6 9 118  10 2 151 0.22 

Mining areas 3 1   17   21 0.19 

Pasture 3  6 1 1 90 2 103 0.13 

Urban areas 2     2 40 44 0.09 

Total 57 55 57 126 20 110 46 471  

Omission 
Errors 

0.37 0.15 0.33 0.06 0.15 0.18 0.13  0.82 
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S3 Table – Habitat quality model input parameters.  

LULC Name a Intensity Maximum Distance (Km) 

Agricultural fields 7.5 1 

Eucalyptus 6.5 1 

Mining areas 10 3 

Pastures 7 1 

Roads network 7 1 

Urban areas 7.5 3 

The intensity and maximum distance for each land use land cover class considered as 

threat and obtained by specialist consultant (n=16). 

a Refer to S1 Table for LULC classes descriptions 

S4 Table – Inputs values used in the carbon stock model. 

LULC Namea 

Aboveground 

Biomass 

Belowground 

Biomass 

Soil 

Organic 

Carbon 

(40 cm) 

Dead 

Organic 

Carbon 

Mg ha-1 

Agriculture fields 7.2 1.9 62.44 1.1 

Cerrado 2.7 15.088 90.684 0.96 

Eucalyptus 56.7 9.9 74.3 7.4 

Forest 134.0 27.6 90.6 3.6 

Forest edges 69.0 13.2 90.6 3.6 

Mining areas 0.0 0.0 0.0 0.0 

Pasture 2.9 7.7 94.6 1.1 

Roads network 0.0 0.0 0.0 0.0 

Rupestrian grasslands 2.8 15.088 90.684 0.96 

Urban areas 15.0 3.8 41.0 0.0 

Water bodies 0.0 0.0 0.0 0.0 

Data for soil organic carbon, dead organic carbon, aboveground biomass and 
belowground biomass carbon by land use land cover (LULC) class, obtained from 
literatureb 

a Refer to S1 Table for LULC classes descriptions  

b References: [1–10]. 
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S5 Table – Mean values for K factor (erodibility) used in the universal soil loss 

equation (USLE) for each soil type, obtained from literaturea 

Soil type K 

Argisol 0.04450 

Cambisol 0.02314 

Gleysol 0.03585 

Red Latosol 0.00962 

Yellow-red Latosol  0.01717 

Fluvic Neosol 0.042 

Litholic Neosol 0.045 

Quartzipsamment Neosol 0.1448 

a References: [11–16] 

 

S6 Table - Sediment retention model input table.  

LULC Namea C P 

Sediment 

Filtration 

(%) 

Agricultural fields 0.18 0.4 40 

Cerrado 0.042 1 70 

Eucalyptus 0.016 1 70 

Forest 0.012 1 95 

Mining areas 1 1 0 

Pasture 0.052 1 50 

Roads network 1 1 0 

Rupestrian grasslands 0.042 1 60 

Urban areas 0.1 1 3 

Water bodies 0.01 1 10 

For universal soil loss equation (USLE): cover and management factor (C), support 
practice factor (P) and sediment filtration factor by each land use land cover (LULC) 
class, obtained from literatureb 

aRefer to Supp. Mat. S  Table1 for LULC classes descriptions  

bReferences: [17–19] 
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S1 Fig. – Representation of geographical barriers reducing impacts from land use 

land cover threat classes and of correction of distance from the threats (da). The 

gradient in the red arrows represent the impact reduction with the distance from its source 

(urban area or pastures). The slope in degrees was use to obtain the da distance, also 

reducing impact intensity in the natural land use land cover class (forest in this case).  

 

S2 Fig. – Land use land cover map obtained for the Iron Quadrangle study region, 

showing each one of the classes found in the mapping process. 
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