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Abstract: Modern forestry systems are based upon typologies of forest types (FT). Many proposals 

were developed in Argentina, but without following unified criteria. The objective was to compare 

different approaches based on (i) functional forests (phenoclusters), and (ii) forest canopy-cover 

composition by tree species. We employed data of National Forest Inventories, forest models and 

climate data, comparing the proposals using univariate analyses. We test the performance of 

phenoclusters to differentiate the variability of native forests (proxy: forest structure), biodiversity 

(proxy: indicator species) and environment (proxies: soil carbon stock, elevation, climate). We 

proposed a simple forest type classification methodology based on species composition, considering 

basal area of tree species. Finally, we compared the performance of both proposals. In regions where 

monospecific forests are predominant, the classifications based on forest canopy-cover composition 

are feasible, but phenoclusters allowing to increase the complexity at landscape level. In those 

regions were predominant multi-specific stands, the classifications based on forest canopy-cover 

composition are useless, and phenoclusters allowing to decrease the complexity at landscape level. 

These results allowing to harmonize national FT classifications by using criteria and indicators to 

achieve sustainable forest management and conservation proposals. 

Keywords: native forests; forest resources; phenoclusters; forest structure and function; sustainable 

forest management 

 

1. Introduction 

Forest management and conservation planning must be based on accurate tools to maximise the 

implementation efficiency across the territory and to contribute to national and international 

agreements [1–3]. Argentina stands out as a global priority for urgent conservation action based on 

biodiversity, provision of ecosystem services, and decreased rates of habitat loss [4,5]. There are 

already several assessments of global management and conservation priorities, such as sustainable 

forest management practices (e.g. silvopastoral systems) or exploring habitat intactness to expand 

protected area networks to more representatively biodiversity conservation [6,7]. However, 

developing optimal management and conservation targets and strategies requires a better 

understanding of the natural ecosystems [8–10]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2024                   doi:10.20944/preprints202402.1482.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.



 2 

 

In order to develop effective forest management and conservation strategies, it is necessary to 

design specific tools based on ecological and functional characteristics. In this context, mapping forest 

tree species and forest types are important for habitat and biodiversity assessment, and for specific 

management proposals of natural forest resources [9,11–15]. However, mapping forest types for large 

areas (e.g. country level) using ground-based data is rarely logistically feasible [12,16], being more 

frequent in temperate cold forests with simple and predictable stand structures, than complex 

rainforests in the tropics [17,18].  

Argentina promulgated the National Law 26,331/07 called as “Minimum Budgets for 

Environmental Protection of the Native Forests”. This law involves many challenges: (i) forest 

management and changes in forest cover proposed by the owners must be complemented by a social 

awareness (e.g. protection of natural environments classified as high conservation value); (ii) 

modifications in the original forest cover must be accompanied by the proposal of new practices that 

must be in accordance with the law (e.g. silvopastoral systems instead of forest removal and pasture 

implantation); (iii) changes in the forest cover imply several administrative restrictions; and (iv) 

policies designed for the long-term, considering resilient socio-economic proposals [1]. Many tools at 

country level were developed to improve the management and conservation of native forests, e.g. 

land cover [19,20], forest structure variables [21], potential biodiversity indices [22], soil carbon stocks 

[23], hotspots of biodiversity conservation concern [24], or human foot-print modelling [7].  

National Government of Argentina proposed seven administrative regions for the nearly 40 

million ha of native forests [25,26], which allowed the implementation of regional policies and the 

goals of the National Law 26,331/07 implementation across the territory [6,27]. However, other 

institutions have been followed their own implementation criteria for forest management, e.g. 

National Parks Administration [27–29]. Argentina signed the Kyoto Protocol and the Paris 

Agreement, and implemented the “National Plan for Adaptation and Mitigation to Climate Change”, 

where one of the key targets includes the native forests using the REDD+ initiative (Reducing 

Emissions from Deforestation and forest Degradation) of the United Nations. They propose actions 

that include reducing deforestation, degradation, and promoting sustainable management. In this 

framework, the national and provincial Governments need accurate information to develop specific 

policies. 

Current global forest maps (e.g. [30,31]) provide valuable information without considering 

differences in forest types. However, these maps are useful for different conservation efforts [32–34]. 

Mapping natural ecosystems (e.g. forest and non-forest ecosystems) were developed in the last 50 

years for Argentina, based on floristic and physiographic characteristics (e.g. [35–38]). More recently, 

the use of remote sensing variables and landscape modelling improved these first proposals. For 

example, Morello et al. [29], divided the country in 115 categories, including social and biophysics 

perspectives. Oyarzabal et al. [39] reduced the analysis scale presenting in a digital format a new 

proposal of phytogeographic units across Argentina. Derguy et al. [40] reported a new approach of 

categorization based on Holdridge life zones, which integrates climate and soil characteristics. More 

recently, Silveira et al. [14] reported a new perspective by adding vegetation phenology variations 

(e.g. event timing and greenness) within forest types and species or climate variation (hereafter 

named here as phenoclusters) to classify native forests using remote sensing. The advantage of using 

phenoclusters to characterise native forests is that they capture phenology and climate gradients 

among and within forest types and/or tree species in places with no field data. This product was 

developed for native forests of Argentina, dividing them in 54 categories across the different forest 

regions in high-resolution maps (30-m pixel). 

Zoning is one of the instruments used by the Argentinian government to regulate human 

activities in the native forests, and the provinces have the obligation to define land use zones, updated 

every five years. However, there are no precise tools to classify the forests across the landscape, 

existing huge differences in the “forest” concept across the different administrative processes 

implemented in Argentina (see [41]). For this, the effectiveness of sustainable forest policies is still 

the main challenge for the different Governments, and it is necessary to propose new alternatives to 
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solve this knowledge gap. To date, the current classifications are at large scales, and it is evident that 

many ecosystems are not properly represented within the forest regions at the national level [6]. 

Modern rational forestry systems are based upon forest typologies [42]. The most traditional 

alternative is to classify the woodlands into forest types (FT), by representing classes with distinctive 

attributes made up of a set of tree species in the vegetation of one area [43], which can be differently 

categorised by each country into a suitable system according to the present situation and needs [44]. 

For this, many alternatives can be implemented by including taxonomy, assemblage of species, 

phenology, growth and development phases, soil, topography, etc. (e.g. [45–48]). Most classifications 

are based on theoretical concepts, and few of these explore practical issues allowing the feasibility of 

implementation in the field. Huertas Herrera et al. [49] proposed an alternative classification of FT in 

Southern Chile based on the contribution of basal area (BA) of each species in the stand. This proposal 

allows the FT using forest inventory data, and can quickly be replicated by any technician or 

researcher. 

Currently, there are several FT classifications, which have been used in zoning and planning of 

native forests at the national or regional scale in Argentina, but without following unified criterion 

at the country level based on field data (e.g. legends used by MAyDS during the implementation of 

different initiatives) [25,26]. Many of these classifications showed that many FT have little 

representation in the landscape, or include a dominant species with little effective representation 

within the native forests. In this framework, it is necessary to generate a unified methodological 

proposal that allows to determine, classify and characterise the different FT of native forests in 

Argentina, based on easily measured metrics during forest inventories at different scales. In this 

context, the objective was to compare two different approaches of FT classifications for Argentina 

based on (i) functional forests (phenoclusters) [14], and (ii) forest canopy-cover composition by tree 

species. We aim to create a country level FT classifications that emphasise the native forest role in the 

different regions (from temperate forests to rainforests), that could be useful for decision-making, 

management and conservation policies, scientific research, and could be flexible enough to be easily 

updated, including the potential impact of climate change and human modifications that can alter 

the original characteristics or distribution of the tree species. The following specific objectives were 

proposed: (i) determine the performance of phenoclusters to differentiate the variability of native 

forest characteristics (proxy: forest structure), potential biodiversity (proxy: potential habitat of 

indicator species) and the environment where they growth (proxies: soil carbon stock, elevation, 

regional climate); (ii) determine the performance of phenoclusters to capture different ecological 

relationships among the studied variables; (iii) propose a simple classification methodology based on 

the forest canopy-cover composition by tree species; and (iv) compare both approaches of FT 

classifications and discuss the feasibility of implementation at country level. 

2. Materials and Methods 

2.1. Study area 

The study area was the native forests of Argentina, distributed between 20° to 60° SL and 

between 50° to 80° WL across 24 administrative provinces. National Government of Argentina 

divided the native forests in distinct administrative regions [6], including (Figure 1A): (i) Andean-

Patagonian forests composed by insular forests of Tierra del Fuego (TDF) and continental forests 

along the Andes Mountains (PAT), (ii) Delta and islands of Paraná river (DEL) which occupy a 

narrow strip of forests from north to south in NE Argentina, (iii) Espinal forests (ESP), (iv) Monte 

forests (MON), (v) Parque Chaqueño forests (PCH), (vi) Yunga rainforests (YUN), and (vii) Atlantic 

forests (AF) [25,26]. We used a mask of native forest cover for the further analyses, as it was proposed 

by Silveira et al. [14], which included areas with trees taller than 5 m in height and 10% in canopy 

cover using the Global Forest Change data set [30]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2024                   doi:10.20944/preprints202402.1482.v1



 4 

 

 

Figure 1. (A) Plot distribution of the Second National Forest Inventory by forest region (TDF = Tierra 

del Fuego forests, PAT = Continental forests along the Andes Mountains, ESP = Espinal forests, MON 

= Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests), 

and (B) diversity of forest types (n every 250 km², FT-1) (see Supplementary Material S1 to S4). 

2.2. Forest type classification based on phenoclusters 

The first FT classification proposal uses the functional forest categories (phenoclusters) proposed 

by Silveira et al. [14], based on land surface phenology and climate patterns, and it is available in a 

GRID of 30-m spatial resolution. This layer includes 54 categories divided by forest regions as it was 

described before. To test the performance of the phenoclusters as potential FT classification, we used 

different available products for the forest regions across Argentina, including: (i) Potential 

biodiversity index (RICH) developed by Martinuzzi et al. [22] for the different forest regions, except 

the Monte forests where few available native forest data exists. This layer presents one index (0-100) 

based on the potential habitat of indicator species by forest region (n = 80 high-profile species of trees, 

birds and mammals associated with native forests and representative of each specific forest regions), 

and is available in a GRID of 1-km spatial resolution. (ii) Soil organic carbon stock (SOC, ton.ha-1 in 

the first 30 cm soil layer) developed by Peri et al. [23] for the different forest regions, which is available 

in a GRID of 200-m spatial resolution. (iii) Forest structure variables modelled by Silveira et al. [21], 

including BA (m².ha-1), crown cover (CC, %), dominant tree height (DH, m) and total over bark 

volume (TOBV, m³.ha-1) for the different forest regions, which are available in GRIDs of 30-m spatial 

resolution. (iv) Elevation (ELE, m.a.s.l.) was derived from the SRTM (shuttle radar topography 

mission) [50], which is available in GRIDs of 30-m spatial resolution. (iv) Climate variables, where 

we extracted the annual mean temperature (AMT, °C), isothermality (ISO), and annual precipitation 

(AP, mm.yr-1) from WorldClim 2 [51], available in GRIDs of 1-km spatial resolution. 

For data extraction of these layers, we employed the hexagonal binning technique, a spatial 

methodology that offers the advantage of integrating different pixels (e.g. averaging values for each 

pixel) within polygonal regions to effectively capture spatial patterns [52]. We implemented a 

hexagonal binning process that involved one spatial matrix dividing the territory of Argentina 

country into hexagonal areas of 5,000 ha each [13,53]. We excluded hexagons that presented less than 

10% of native forest cover (e.g. <500 ha at each hexagon). The average values of each hexagonal grid 

were computed, where the phenocluster was defined as the mode, considering the most frequently 

category occurred at each hexagon. 
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2.3. Forest type classification based on the forest canopy-cover composition by tree species 

For the second FT classification proposal, we used the forest canopy-cover composition by tree 

species as the main variable to construct a classification. We obtained the forest structure information 

and tree species assemblages from 3,788 field plots (Figure 1A), corresponding to the Second National 

Forest Inventory (NFI2, 2015-2020) collected by the National Government of Argentina [54]. Detailed 

information on NFI2 is at SGAyDS [26]. This inventory was carried out on a systematic grid of 10 x 

10 km, measuring all trees classified at species level. From this, we calculated total basal area (BA, 

m².ha-1), tree density (DEN, n.ha-1), dominant tree height (DH, m), mean tree height (MH, m), and 

tree regeneration (REG, n.ha-1). Elevation (ELE) and regional climate variables (AMT, AP) were also 

extracted to characterise these plots (see [13]).  

For this second FT classification proposal, each categorization was defined as the contribution 

of different tree species to total BA in each plot, regardless of the tree dominance. Firstly, we 

determined the tree canopy composition defining a minimum threshold (70% of BA) to analyse each 

plot: (i) The stands were considered as mono-specific (MONO) when at least 70% of BA was achieved 

by a single tree species, (ii) bi-specific (BI) when two tree species were necessary to achieve at least 

70% of BA, and (iii) multi-specific (MULTI) when more than two tree species were necessary to reach 

at least 70% of BA. 

The FT classification proposal based on the forest canopy-cover composition by tree species 

included three levels: (i) The most general level (Level 1, FT-1) classified the forest typologies using 

only the name of the most dominant and representative tree genus, or the name of the most frequent 

botanical family involved in plots (e.g. Prosopis + others, Myrtaceae + others). (ii) The intermediate 

level increased the number of categories (Level 2, FT-2), and considered the scientific name of the 

most abundant tree species in the BA contribution, or in some cases we used the most frequent 

botanical family (e.g. Prosopis alba + others, Euphorbiaceae + others). (iii) Finally, the more detailed 

classification (Level 3, FT-3) considered the scientific names of the most important tree species (e.g. 

Prosopis alba, Prosopis nigra + Vachellia caven + Geoffroea decorticans). These levels increased in number 

of categories and complexity for different purposes, e.g. as a tool for policy-makers in proposal design 

of forest management and conservation at regional scale (FT-1), the planning at regional or local scale 

(FT-2), or more specific uses, as for technical-scientific studies (FT-3). 

Native tree species were classified according to their respective taxonomic divisions and 

botanical families following the Catalogue of Vascular Plants of the Southern Cone [55]. Besides, 

exotic tree species (e.g. Ligustrum lucidum) or species without taxonomic determination within the 

database were not considered in the calculations. However, none of these particular cases were 

detected as dominant trees in any of the analysed plots.  

2.4. Statistical analyses 

One-way analysis of variance (ANOVA) were conducted to determine the performance of the 

FT classification based on phenoclusters in order to differentiate the variability of native forest 

characteristics by forest regions (TDF, PAT ESP, MON, PCH, YUN, AF), comparing potential 

biodiversity index (RICH), soil organic carbon stock (SOC), forest structure (BA, CC, DH, TOBV), 

elevation (ELE), and regional climate (AMT, ISO, AP). FT classification based on phenoclusters were 

also graphically compared at full country according to elevation (ELE) and regional climate variables 

(AMT, ISO, AP) to identify the gradients of the different categories for each forest region. Besides, FT 

classification based on phenoclusters were compared across gradients of SOC and forest structure 

variables (BA, CC, DH, TOBV), identifying relationships among them and the performance of 

phenoclusters categories. These relationships were described through linear models and their r²-adj.    

 FT classification based on forest canopy-cover composition by tree species were categorised 

using the NFI2 plots (n = 3,741) in the seven forest regions (TDF, PAT, ESP, MON, PCH, YUN, AF). 

We quantified how many categories of forest types exist for the three defined levels (FT-1, FT-2, FT-

3) and their canopy composition (MONO, BI, MULTI) for the entire country and by forest regions, 

including the categories of FT classification based on phenoclusters. These analyses were mapped 

into a Geographical Information System (GIS) for each forest region. The means and standard 
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deviation (SD) for the Level 1 (FT-1) were graphically compared for the different forest regions (AMT 

vs. AP). Finally, the diversity of forest types in the landscape was conducted using the level 1 (FT-1) 

of the FT classification based on the forest canopy-cover composition by tree species. To assess the 

diversity of forest types, we applied a 33 x 33 pixel moving window within a 50 x 50 km grid, and 

assigned the number of different forest types at each window to its central pixel. We chose this 

moving window size because it accommodates an area large enough to encompass animals’ 

territories while capturing relatively fine-resolution landscape features [14,56]. To obtain the final 

map, the forest cover mask described before was used. Finally, the resulting map varied between 

values from 0 to 14, where the diversity of forest types is expressed for each pixel in a surrounding 

area of 50 x 50 km. 

3. Results 

3.1. Forest type classification based on phenoclusters 

The categories of phenoclusters (n = 54) differentially occurred across the forest regions of 

Argentina, e.g. TDF (n = 6), PAT (n = 7), DEL (n = 3), ESP (n = 5), MON (n = 4), PCH (n = 17), YUN (n 

= 6) and AF (n = 6). Some of these categories were not analysed in our study scarce representation in 

the landscape, e.g. categories at DEL region, one category at PAT, and one category at AF (Figure 2). 

The FT classification phenoclusters presented significant differences for all the studied variables in 

the studied forest regions, except in MON for mean annual temperature (AMT) (Table 1) where no 

differences were found. In Tierra del Fuego forests (TDF), the phenoclusters at lowlands presented 

higher RICH than in mountains, with higher AMT, and lower ISO and AP. The climate and relief 

influence over SOC and forest structure of phenoclusters, showed a north-south gradient. In the 

continental continental forests along the Andes Mountains (PAT), greater RICH and SOC were found 

in phenoclusters of mountains than valleys and ecotone forests with the steppe, presenting higher 

forest structure values. In this region, the climate change across two gradients, north-south due to 

latitude, and west-east due to relief. These gradients greatly influence over phenoclusters too, due to 

some categories only occurred in the northern Patagonia, where climate is less harsh. In Espinal 

forests (ESP), the xeric phenoclusters presented lower values of RICH, SOC and forest structure 

compared to those phenoclusters growing at humid areas. In Monte forests (MON), the phenoclusters 

slightly differed among them, where SOC was associated with lower forest structure values growing 

at middle elevations and annual rainfall. In Parque Chaqueño forests (PCH), RICH was greater in 

phenoclusters occurring at north-east areas, while SOC were greater in north-west phenoclusters, 

decreasing to the south. Besides, isothermally and RCH were closely related among phenoclusters. 

Forest structure greatly varied among the different phenoclusters, but in a general trend, the forest 

structure variables of the phenoclusters were related to SOC, and influenced by regional climate 

(drier in west than east). In Yunga rainforests (YUN), phenoclusters located in the centre and centre-

east presented higher RICH and SOC than at higher elevations. Besides, phenoclusters presented 

higher SOC in closed (CC) and taller (HD) forests. Finally, in the Atlantic forests (AF), the 

phenoclusters with higher RICH presented also higher SOC and forest structure values, where these 

phenoclusters occurring at more temperate but with higher ISO and AP. 

Table 1. Analysis of variance comparing phenocluster categories (PHE) at each forest region (TDF = 

Tierra del Fuego forests, PAT = Continental forests along the Andes Mountains, ESP = Espinal forests, 

MON = Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic 

forests). We analyse potential biodiversity index (RICH), soil organic carbon stock (SOC, ton.ha-1 30 

cm), basal area (BA, m².ha-1), crown cover (CC, %), dominant tree height (DH, m), total over bark 

volume (TOBV, m³.ha-1), elevation (ELE, m.a.s.l.), annual mean temperature (AMT, °C), isothermality 

(ISO), and annual precipitation (AP, mm.yr-1). 

REGIO

N 

PH

E 

RICH SOC BA CC DH TOBV ELE AMT ISO AP 

1 80.2bc 154.4b 41.9ab 66.4a 18.6b 299.7a

b 

421.2d 3.5a 51.6c 655.6e 
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TDF 2 61.4a 163.3b 37.8a 74.1c 20.9c 207.5a 217.0bc 4.3bc 51.2c 506.5c 

3 88.1c 163.6b 56.7d 69.3ab 20.7c 373.9b 203.9b 4.6c 49.9b 448.1b 

4 90.1c 140.5a 44.9b 67.7a 15.7a 238.1a 107.2a 5.1d 48.6a 385.6a 

5 70.1b 160.3b 52.9cd 66.4a 18.7b 331.5b 382.9d 3.7a 51.0c 533.6d 

6 57.5a 161.9b 42.6ab 73.3bc 21.6c 258.7a 289.7d 4.1ab 51.1c 521.7cd 

F 

(p) 

77.54 

(<0.001

) 

51.45 

(<0.001

) 

22.66 

(<0.001

) 

9.64 

(<0.001

) 

34.56 

(<0.001

) 

26.02 

(<0.001

) 

36.20 

(<0.001) 

41.66 

(<0.001

) 

132.00 

(<0.001

) 

345.81 

(<0.001) 

PAT 7 62.4b 137.9c 34.3a 70.0c 18.7bc 250.4a 1062.5a 7.0c 52.4c 1046.7d 

8 66.6b 154.8e 36.8a 71.7c 19.1c 254.9a 1013.4a 6.8c 51.0b 1167.5e 

9 66.3b 150.1d 43.6b 72.4c 20.6d 333.2b 1123.2a 6.1b 51.4b 1273.9f 

11 48.3a 127.0b 34.2a 65.5b 17.0b 243.2a 1385.1b 5.8ab 52.4c 785.0b 

12 49.1a 126.7b 34.6a 65.8b 17.7b 235.7a 1355.2b 6.1b 52.5c 899.0c 

13 49.5a 119.1a 36.6a 62.3a 15.2a 240.0a 1078.9a 5.5a 49.3a 588.9a 

F 

(p) 

31.41 

(<0.001

) 

183.20 

(<0.001

) 

11.08 

(<0.001

) 

67.19 

(<0.001

) 

64.57 

(<0.001

) 

17.23 

(<0.001

) 

35.62 

(<0.001) 

24.53 

(<0.001

) 

61.28 

(<0.001

) 

932.19 

(<0.001) 

ESP 17 19.5b 39.0b 10.3a 46.4b 7.7b 45.9b 315.0d 15.9b 48.6c 576.3b 

18 3.2a 33.9a 10.2a 37.6a 6.9a 35.8a 155.2c 15.1a 47.5a 445.3a 

19 39.0cd 81.6d 17.2d 66.4e 12.4e 118.1e 47.7a 18.7c 47.9ab 1226.0d 

20 36.2c 73.1c 13.5c 60.7d 9.8d 91.6d 80.4b 18.8c 48.0b 1068.8c 

21 39.2d 77.3d 12.4b 55.9c 8.4c 82.5c 58.5a 18.9d 47.5a 1064.1c 

F 

(p) 

733.59 

(<0.001

) 

5368.24 

(<0.001

) 

182.12 

(<0.001

) 

1118.24 

(<0.001

) 

468.36 

(<0.001

) 

1323.15 

(<0.001

) 

824.95 

(<0.001) 

4599.80 

(<0.001

) 

196.28 

(<0.001

) 

6567.81 

(<0.001) 

MON 22 -- 36.5a 5.9a 27.9a 6.2ab 28.0ab 185.1a 15.5 48.4a 292.9b 

23 -- 39.4b 6.3a 28.5a 6.0a 25.6a 448.5b 15.4 48.3a 289.9b 

24 -- 36.6a 7.6bc 30.4b 6.3b 35.8c 1461.7c 15.6 50.4b 194.6a 

25 -- 36.8a 8.3c 32.7b 6.5b 31.9bc 202.1a 15.6 48.1a 361.4c 

F 

(p) 

-- 7.99 

(<0.001

) 

18.49 

(<0.001

) 

6.70 

(<0.001

) 

8.58 

(<0.001

) 

38.13 

(<0.001

) 

196.66 

(<0.001) 

0.98 

(0.400) 

40.17 

(<0.001

) 

207.66 

(<0.001) 

PCH 38 30.6f 58.6f 13.8i 60.5c 10.7f 81.9jk 858.3f 17.5b 50.1cd 596.2b 

39 30.1f 69.0k 11.6ef 66.6e 9.5bc 66.1fgh 71.4a 19.9d 49.8c 987.2j 

40 35.3g 58.0f 13.6hi 64.3d 11.2gh 85.5k 638.7e 19.4c 51.7gh 642.4de 

41 18.3b 41.5b 10.7d 45.4a 7.6a 55.5d 925.3g 16.8a 49.3b 527.7a 

42 56.2j 61.6h 12.6g 73.2i 10.1d 66.1gh 131.7b 22.4k 54.3j 847.7i 

43 29.9f 60.9gh 11.4e 66.9ef 10.1d 57.5de 155.0b 21.4fg 51.3fg 801.7h 

44 42.4h 59.8fg 12.0f 70.0h 10.7ef 64.8fg 215.1c 22.1i 52.5i 766.2g 

45 23.9d 48.7d 10.0c 60.7c 9.5b 47.1c 305.9d 20.6e 50.2cd 621.5cd 

46 34.9fg 69.6k 11.7ef 65.9de 10.0cd 59.5de 280.5bc

d 

22.3jk 51.5fgh 791.7gh 

47 20.8c 53.8e 9.8c 59.6c 9.4b 45.8c 232.9cd 20.5e 50.3d 662.9e 

48 26.5e 47.0c 9.2b 59.7c 9.5b 42.4b 253.4d 21.4fg 50.7e 609.7bc 

49 5.6a 36.7a 7.3a 48.1b 7.9a 26.9a 223.0cd 20.4e 48.0a 530.4a 

50 39.1g 62.5hi 12.6g 68.5fg 10.3d 68.1h 334.7d 21.8hi 51.9h 708.3f 

51 49.1i 64.3ij 13.6i 68.2g 11.3h 81.0j 78.4a 21.7gh 51.5g 1126.7k 
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52 39.3gh 53.8e 14.7j 76.1j 11.7h 86.1jk 256.3bc

d 

22.3hij 53.1i 652.3cd

e 53 38.1g 64.6j 13.3h 66.7e 10.9fg 76.9i 77.1a 21.5fgh 51.4fg 1160.3l 

54 29.8ef 66.4jk 11.8ef 63.0d 10.3de 61.0ef 112.9ab 20.4e 50.9ef 1017.8j 

F 

(p) 

460.20 

(<0.001

) 

784.09 

(<0.001

) 

588.23 

(<0.001

) 

725.22 

(<0.001

) 

369.69 

(<0.001

) 

739.89 

(<0.001

) 

1044.68 

(<0.001) 

963.78 

(<0.001

) 

331.25 

(<0.001

) 

2617.41 

(<0.001) 

YUN 32 65.9e 84.9e 17.9c 78.9d 18.1c 140.8c 1187.5c 17.6c 53.3b 729.3c 

33 54.2c 69.9ab 15.7a 75.8bc 15.8a 119.3a 765.2b 19.5d 52.0a 742.5c 

34 73.5e 74.2bc 18.1c 78.1d 18.0c 137.8c 616.8a 20.8e 51.5a 861.7d 

35 60.4d 75.6c 17.6bc 77.8d 17.1b 136.1c 620.4a 21.1e 51.5a 987.9e 

36 6.6a 81.3d 19.4d 71.5a 15.3a 156.0d 2564.8e 12.5a 55.8c 285.9a 

37 28.1b 67.6a 17.3b 75.3b 15.9a 129.6b 1438.8d 16.8b 53.1b 528.9b 

F 

(p) 

242.15 

(<0.001

) 

90.63 

(<0.001

) 

73.63 

(<0.001

) 

49.23 

(<0.001

) 

59.12 

(<0.001

) 

58.91 

(<0.001

) 

477.84 

(<0.001) 

524.01 

(<0.001

) 

45.07 

(<0.001

) 

1919.23 

(<0.001) 

AF 26 77.9c 95.9c 19.5c 77.4d 21.1c 134.1c 511.9e 18.6a 57.7d 1856.4e 

27 64.2b 98.1d 18.7b 75.1bc 20.3b 122.4b 199.5b 20.3c 54.9b 1596.2a 

29 77.1c 96.6cd 19.3c 76.0c 21.0c 135.4c 331.2d 19.7b 56.0c 1724.4c 

30 68.7b 93.0b 18.7b 74.7b 20.4b 122.9b 254.2c 20.1c 55.2b 1737.9d 

31 33.4a 82.7a 17.6a 73.1a 18.2a 112.2a 156.9a 20.7d 52.9a 1649.1b 

F 

(p) 

142.20 

(<0.001

) 

78.96 

(<0.001

) 

87.54 

(<0.001

) 

32.12 

(<0.001

) 

63.44 

(<0.001

) 

117.01 

(<0.001

) 

275.91 

(<0.001) 

268.19 

(<0.001

) 

206.00 

(<0.001

) 

893.30 

(<0.001) 

F = Fisher test, p = probability. Different letters showed differences by Tukey test at p <0.05. 
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Figure 2. Plots of the Second National Forest Inventory classified by forest regions (TDF = Tierra del 

Fuego forests, PAT = Continental forests along the Andes Mountains, ESP = Espinal forests, MON = 

Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests), FTC 

based on phenoclusters (PHE) and FTC based on the forest canopy-cover composition by tree species 

using Level 1 (FT-1) (see Supplementary Material S1 to S4). 

 The relationships among elevation and regional climate did not present global tendencies 

for the different phenocluster categories (Figure 3). However, there are positive and negative trends 

among phenoclusters categories for each forest region. Phenoclusters in TDF, YUN, AF decreased 

ISO when AMT increased, while PCH increased ISO when AMT increased (Figure 3A). Phenoclusters 

in TDF and AF decreased AP when AMT increased, while PAT, ESP and YUN increased AP when 

AMT increased (Figure 3B). Phenoclusters in TDF, PCH, YUN and AF decreased ELE when AMT 

increased (Figure 3C). Finally, phenoclusters in MON, PCH, YUN decreased ELE when AP increased, 

while TDF and AF increased ELE when AP increased (Figure 3D). Besides, the relationships among 

SOC and forest structure variables presented significant global tendencies for the different 

phenocluster categories (Figure 4), where most of them increasing the forest structure values with 

the SOC (r²-adj. = 0.64 to 0.92). 
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Figure 3. Comparison of the different phenocluster categories at each forest region (TDF = Tierra del 

Fuego forests, PAT = Continental forests along the Andes Mountains, ESP = Espinal forests, MON = 

Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests). (A) 

annual mean temperature (AMT, °C) and isothermality (ISO), (B) AMT and annual precipitation (RAI, 

mm.yr-1), AMT and elevation (ELE, m.a.s.l.), and (D) RAI and ELE. 

 

Figure 4. Comparison of the different phenocluster categories at each forest region (TDF = Tierra del 

Fuego forests, PAT = Continental forests along the Andes Mountains, ESP = Espinal forests, MON = 

Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests). (A) 

soil organic carbon stock (SOC, ton.ha-1 30 cm) and crown cover (CC, %), (B) SOC and basal area (BA, 

m².ha-1), (C) SOC and dominant tree height (DH, m), and (D) SOC and total over bark volume (TOBV, 

m³.ha-1). 

3.2. Forest type classification based on the forest canopy-cover composition by tree species 

NFI2 plots were unequally distributed across the different forest regions, where PCH 

concentrated 72.3% of the forest inventory plots, YUN had 7.8%, Espinal had 6.7%, Andean-

Patagonian forests had 6.1% (4.6% in the continental lands and 1.5% in Tierra del Fuego), AF had 

4.3%, MON had 2.4%, and DEL had 0.4% (Figure 1A). During the sampling, a total of 441 tree and 

palm species were identified corresponding to 74 botanical families (Supplementary Material S1 and 

S2). 
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The FT classification based on the forest canopy-cover composition by tree species identified 50 

categories for Level 1 (FT-1), 115 categories for Level 2 (FT-2) and 1990 categories for Level 3 (FT-3) 

(Table 2, Supplementary Material S3 and S4). At country level, most of the identified forest types of 

Level 3 were multi-specific (41.9%) followed by bi-specific (32.2%) and mono-specific (25.9%). The 

analyses across the different regions presented different trends from south to north. TDF presented 

only three forest types in all the levels, predominantly mono-specific, compared to the six 

phenocluster categories. Most of the phenoclusters were associated to 2-3 forest types, showing that 

functional forests were not only related to the forest canopy-cover composition. PAT had five forest 

types in the first levels (FT-1 and FT-2), and increased in Level 3 to 25 categories (FT-3), compared to 

the six phenoclusters identified for the region. The forest types were predominantly monospecific 

(86.0%) or bi-specific (13.4%), with few examples of multi-specific (0.6%). Most of the phenoclusters 

were associated with many forest types, showing that functional forests are not only related to the 

forest canopy-cover composition. Besides, some categories were related to mono-specific forest types 

(e.g. category 13 associated with pure Nothofagus forests), while other categories were mainly bi-

specific or multi-specific (e.g. category 7 associated with the Valdivian temperate forests) (Figure 2). 

Table 2. Plots of the Second National Forest Inventory classified by forest regions (TDF = Tierra del 

Fuego forests, PAT = Continental forests along the Andes Mountains, ESP = Espinal forests, MON = 

Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests) and 

phenocluster categories (PHE), identifying the number of forest types using different classification 

levels (FT-1, FT-2, FT-3) and tree canopy composition (MONO = mono-specific, BI = bi-specific, 

MULTI = multi-specific) (see Supplementary Material S4 and S5). 

REGION PHE Plots FT-1 FT-2 FT-3 MONO BI MULTI 

Country  3741 50 115 1990 25.9% 32.2% 41.9% 

TDF 

Total 56 3 3 3 100.0% 0.0% 0.0% 

1 1 1 1 1 100.0% 0.0% 0.0% 

2 7 2 2 2 100.0% 0.0% 0.0% 

3 23 2 2 2 100.0% 0.0% 0.0% 

4 12 3 3 3 100.0% 0.0% 0.0% 

5 8 3 3 3 100.0% 0.0% 0.0% 

6 5 2 2 2 100.0% 0.0% 0.0% 

PAT 

Total 172 5 5 25 86.0% 13.4% 0.6% 

7 20 4 4 12 45.0% 50.0% 5.0% 

8 28 5 5 11 82.1% 17.9% 0.0% 

9 21 5 5 6 90.5% 9.5% 0.0% 

11 21 2 2 4 95.2% 4.8% 0.0% 

12 38 4 4 8 86.8% 13.2% 0.0% 

13 44 3 3 3 100.0% 0.0% 0.0% 

ESP 

Total 251 6 11 112 49.0% 36.7% 14.3% 

17 99 2 4 21 82.8% 17.2% 0.0% 

18 11 1 3 6 72.7% 27.3% 0.0% 

20 57 6 8 47 21.0% 47.4% 31.6% 

21 84 6 7 52 25.0% 53.6% 21.4% 

MON 
Total 87 4 10 32 72.4% 26.4% 1.2% 

22 1 1 1 1 100.0% 0.0% 0.0% 
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23 58 4 9 24 69.0% 31.0% 0.0% 

24 23 4 7 12 73.9% 21.7% 4.4% 

25 5 1 2 2 100.0% 0.0% 0.0% 

PCH 

Total 2725 30 73 1462 18.7% 35.3% 46.0% 

38 85 14 26 66 27.1% 43.5% 29.4% 

39 75 15 23 59 17.3% 32.0% 50.7% 

40 37 11 16 36 18.9% 24.3% 56.8% 

41 159 8 22 73 47.8% 42.1% 10.1% 

42 149 14 21 129 14.1% 23.5% 62.4% 

43 116 13 21 98 11.3% 35.3% 53.4% 

44 373 23 34 281 9.9% 30.0% 60.1% 

45 187 12 23 126 14.4% 48.2% 37.4% 

46 42 10 13 37 7.1% 31.0% 61.9% 

47 259 14 27 171 18.6% 37.8% 43.6% 

48 455 16 27 248 16.0% 42.6% 41.4% 

49 139 8 11 56 33.1% 54.0% 12.9% 

50 109 14 24 101 11.0% 32.1% 56.9% 

51 282 25 46 236 15.6% 20.9% 63.5% 

52 40 12 16 36 25.0% 35.0% 40.0% 

53 146 19 32 129 19.2% 27.4% 53.4% 

54 72 13 21 47 40.3% 25.0% 34.7% 

YUN 

Total 289 25 41 242 20.4% 29.8% 49.8% 

32 80 15 18 74 15.0% 26.2% 58.8% 

33 49 15 17 45 18.3% 32.7% 49.0% 

34 19 12 14 19 5.3% 26.3% 68.4% 

35 62 15 21 60 8.1% 27.4% 64.5% 

36 14 4 4 5 85.7% 0.0% 14.3% 

37 65 18 22 57 30.8% 41.5% 27.7% 

AF 

Total 161 19 28 160 4.4% 13.0% 82.6% 

26 31 12 14 31 0.0% 12.9% 87.1% 

27 21 9 10 21 9.5% 9.5% 81.0% 

29 43 13 17 43 0.0% 16.3% 83.7% 

30 49 17 20 49 6.2% 12.2% 81.6% 

31 17 11 11 17 11.8% 11.8% 76.4% 

ESP presented six forest types in the first level (FT-1), and increased to 11 in Level 2 (FT-2) and 

112 categories in Level 3 (FT-3), compared to the four phenoclusters identified for the region. The 

forest types were predominantly mono-specific (72.7-82.8%) in the south and bi-specific in the north 

(47.4-53.6%), where most of the phenoclusters were associated to many forest types (north > south), 

showing that functional forests are not only related to the forest canopy-cover composition. MON 

presented four forest types in the first level (FT-1), and increased to 10 in Level 2 (FT-2) and 32 

categories in Level 3 (FT-3), compared to the four phenoclusters identified for the region. The forest 

types were predominantly mono-specific (69.0-100.0%), where most of the phenoclusters were 
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associated with more than one category. PCH presented 30 forest types in the first level (FT-1), and 

abruptly increased to 73 in Level 2 (FT-2) and 1462 categories in Level 3 (FT-3). This large number of 

forest types were in coincidence with the large number of phenoclusters identified for the region (n 

= 17). Most of the forest types were multi-specific (65% of the phenocluster categories) or bi-specific 

(24% of the phenocluster categories), where all the phenoclusters were associated to many forest 

types (>8 categories), showing that functional forests are not only related to the forest canopy-cover 

composition. 

Rainforests followed the same pattern, considering that YUN and AF occupied a small portion 

of the native forest coverage. YUN presented 25 forest types in the first level (FT-1), and increasing 

to 41 in Level 2 (FT-2) and 242 categories in Level 3 (FT-3), compared to the six phenoclusters 

identified for the region. The forest types were predominantly multi-specific (49.0-68.4%), where few 

exceptions, e.g. phenocluster 36 category are predominantly mono-specific (85.7%) were related to 

high-land forest of Alnus acuminata. AF presented 19 forest types in the first level (FT-1), and 

increased to 28 in Level 2 (FT-2) and 160 categories in Level 3 (FT-3), compared to the five 

phenoclusters identified for the region. The forest types were mostly multi-specific (76.5-87.1%), 

showing that functional forests are not only related to the forest canopy-cover composition, especially 

in these rainforests. 

The diversity of forest types in Level 1 (FT-1) was higher in the northern areas of Argentina 

(Figure 1B). The diversity was mainly higher in rainforests (e.g. YUN and AF), but also in northern 

PCH near Bermejo and Pilcomayo rivers. This diversity decreased towards south and xeric forest 

regions. Spatially, the higher diversity of forest types can be associated with higher AMT and AP, as 

well areas close to rivers and wetlands. However, these forest types presented different requirements 

of AMP and AP (Supplementary Material S1), highlighting that different FT classification based on 

forest canopy-cover composition by tree species occurred at different regional climates. In example, 

in the Andean-Patagonian forests (TDF + PAT) the different forest types occurred along an increasing 

gradient of AMT and AP. The same trend was observed in ESP, where the more xeric area (southern 

forests) were dominated by Prosopis + others category. MON and PCH did not present a clear trend 

between AMT and AP, showing a gradual change from one to other forest type. YUN presented the 

same trend of Andean-Patagonian forests and ESP, from mono-specific (low AMT and AP) to multi-

specific (high AMT and AP). Finally, AF presented a different trend from higher AP to lower AMT, 

influenced by the relief that dominated the region. 

4. Discussion 

Forests vary in structure and function across the world [57] following environmental and 

topographic gradients, where broad-scale vegetation units with common formation characteristics 

are known as vegetation types [58]. Usually, FT are derived from vegetation proxies or land use types, 

where climate-based vegetation classifications emphasise the distribution of vegetation types and 

land use classifications highlight the role of land cover and human activity [14,59,60]. Vegetation 

proxies were originally used on the idea that similar climates and topographies support similar plant 

forms, and therefore the resulting types can be easily associated to climate-based variables [61], e.g. 

Holdridge life zones which was employed to model Argentina regions [40]. The ecoregions relied on 

climate data, expert judgement, and species assemblages to differentiate forest types. This strategy 

was followed by the Argentina government (e.g. [26]), assuming a close relationship between 

functional vegetation types and climate variables. However, these methods can fail to correspond 

with the current vegetation, since this is defined by the interaction between the potential vegetation 

and multiple factors, such as human activities, species interactions, and biogeographical history [57]. 

The second proxy used in FT classifications was the land use or land cover types, mainly based on 

satellite imagery [7,22,33,63] using the normalised difference vegetation index (NDVI) and other 

related indexes [64,65]. However, the coarse data resolution, and the limited number of vegetation 

types used, resulted in a forest type distribution with relatively low accuracy [57]. Authors clarified 

and extended the term of FT by changing the concept of forest part that is homogeneous in terms of 

composition and structure, into a forest type idea with homogeneity in terms of origin (genesis), 
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development processes and dynamics (temporal homogeneity) is prevailing over uniform 

composition and structure (spatial homogeneity) [42]. Therefore, for better decision making, an 

accurate definition of FT is relevant for preserving biodiversity, ecosystem services provision, and 

adequate forest management and planning [8,57,66,67]. 

New available technology data derived from data sources (e.g. remote sensing, advanced forest 

modelling, and databases of forest inventories) and software has created new opportunities to 

develop methods for forest ecosystem classification and monitoring [68,69]. To date in Argentina 

most of policies and planning was implemented at regional level, and the proposals (e.g. silviculture, 

management and conservation strategies) were implemented at landscape level despite the obvious 

differences in the native forest ecosystems (e.g. [6]). Because, the main reason for this was the lack of 

available information to develop accurate FT classifications. The worldwide experience showed that 

FT classifications must be based on the specific needs of each country and/or users [69]. 

Here, we compared FT classification based on phenoclusters and forest canopy-cover 

composition by tree species. A map based on forest phenoclusters can be particularly useful for places 

where forest ecological information is limited, and conservation needs are high, such as in many 

developing countries [14]. In this context, high-resolution images [70], hyperspectral data [24], LiDAR 

[71], and radar data [72] provide information about vegetation structural and compositional 

complexity (e.g. modelling of forest structure developed by Silveira et al. [21]). In our research, 

phenoclusters successfully explained many variables that usually were included in FT classification 

(e.g. forest structure, climate and topography), but also included some variables that were not 

considered in most of the papers (e.g. SOC and biodiversity). We tested the performance of FT 

classification based on phenoclusters across Argentina, from complex rainforests (e.g. Yungas and 

Atlantic forests) to temperate monodominant forests in Tierra del Fuego. Besides, these FT 

classifications can successfully identify the diversity of FT across the landscape, which is closely 

related to the studied proxies, e.g. SOC content [23] and species richness [22]. These relationships 

confirmed the findings where SOC and biodiversity are closely related at landscape level [73,74], as 

well as findings about the role of SOC in the support of structure and productivity of native forest 

ecosystems (e.g. [75,76]). 

 Phenoclusters are mainly related to proxies linked to functionality of the different natural 

forests (e.g. metrics that measure the growing season characteristics), and marginally related to tree 

species [14,21,23]. The second approach, are exclusively based on tree species, where FT were defined 

through the forest canopy-cover composition (e.g. balance among BA of tree species) [49]. In the 

phenoclusters method, how and when the trees growth, influence over the components of each 

category (e.g. [77,78]); while in the second method, the dominant tree species is crucial [45]. For 

example, in Southern Patagonia, the best site quality stands of Nothofagus antarctica can be related to 

lowest site quality stands of N. pumilio [6], and it can be included in the same phenocluster category. 

However, the tree-line stands (e.g. less than 1 m height growing >600 m.a.s.l.) were considered as a 

different category due to different functionality [79,80]. In the second proposals, forests with similar 

species composition will be included in the same category, e.g. monodominant N. antarctica or N. 

pumilio forests growing from Tierra del Fuego (56° SL) to Neuquén provinces (33° SL) [81,82]. In our 

analyses, the different forest regions presented different trends according a latitude and climate 

gradients. The different classification levels (FT-1 to FT-3) increased the number of categories (50 to 

1990) related to different forest regions and phenocluster levels. Forest growing at extreme 

environments (e.g. in temperate cold Tierra del Fuego) presented simple structures (e.g. FT are mostly 

monospecific) with lower number of FT at each phenocluster category (between 1 and 3). Contrary, 

the rainforests (e.g. Atlantic forests) presented more complex structures (e.g. multi-specific forests 

represented near the 80% of the FT) with higher number of FT at each phenocluster category (between 

9 and 49). The different forest regions in Argentina were identified as highly variable in their 

ecological and structure characteristics across the landscape, and supporting different biodiversity 

values [22,27,39]. 

 Mapping FT at relatively small areas is effective using unmanned aerial vehicles [83], but 

for FT mapping at large regions represents a great challenge due to the need of modelling each species 
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or group of species at different ecological conditions [84]. Besides, mapping single species is feasible 

using habitat modelling (e.g. MaxEnt) [85,86], but try to modelling multi-specific forests required 

detailed field information which is not available for most natural forested areas [87]. Large 

uncertainty was found in these studies, suggesting further endeavours are required for improving 

the FT maps [88]. For this, there are a limited number of studies addressing the FT and composition 

at the regional or national levels, however, the continuous modernization of remote sensing tools 

represents a unique opportunity to achieve this [89]. In the context of our study, the mapping in 

extreme conditions of forest regions using FT based on forest canopy-cover composition by tree 

species is feasible because most of the FT are monospecific. However, the planning and management 

require detailed information. For example, Paredes et al. [90] reported that different management 

strategies must be implemented across the landscape for the same FT. In this context, phenoclusters 

defined different functional forests for the same monodominant FT [14]. In contrast, in northern forest 

areas of Argentina, the FT greatly changed in relatively short distances, generating a mixture of 

canopy tree composition, which strongly limit any initiative of mapping at large areas (e.g. [91]). In 

these areas, phenoclusters allowed mapping FT based on functionality, reducing the complexity of 

the natural ecosystems, and generating feasible scenarios of differential management and planning 

across the landscape. Here, we showed the relationships among the phenoclusters and multiple 

variables that decision-making stakeholders need for these tasks [6,23,53]. For this, it is necessary to 

take into account the FT definition of the Montreal Process, where not only the composition (tree 

species) and site factors (locality) are important, and where also the FT must be categorised by each 

region or country in a suitable system [42,48]. For example, different FT classifications exists in Italy 

(e.g. [46,92]), where according to the scope and cover of each classification, the number of related FT 

ranges from a few classes to hundreds [48]. Then, FT is a flexible approach to collect and organise 

information on forests of a given territory, according to a typology useful for understanding 

differences which are relevant to a specific use and management. Thus, the monitoring and forest 

inventory at national level [25,26] must be defined with accurate FT classification, where the 

formulation of indicators requires scientific supported data for each forest type [48]. Finally, it is 

necessary to consider one shortcut for FT of native forests related to anthropogenic impacts [42], e.g. 

selective cuts that only harvesting valuable dominant tree species (e.g. [93,94]). This shortcoming can 

be solved using different strategies, including the inclusion of different dynamics stages of the natural 

stands (e.g. [68]). 

5. Conclusions 

Modern rational forestry systems are based upon forest typologies. The database compiled 

during the Second National Inventory of Native Forests (NFI2) offers a unique and updated 

opportunity to achieve the goals proposed in this study. The TF classifications developed in the 

present study differentiated forests growing in different regions, providing a tool to adjust 

silvicultural treatments, management proposals and conservation strategies over time by ensuring 

forest multiple uses under sustainable production of the goods and services demanded by society. 

Here we compared two approaches, which were feasible to implement according to the intrinsic 

characteristics of the forest regions. In those regions with predominant monospecific forests, the 

classifications based on forest canopy-cover composition by tree species are feasible. However, the 

functional forest classifications (phenoclusters) detected better the complexity at landscape level (e.g. 

subtypes for each FT defined by the first option). In those regions where native forests present 

complex structures with multiple tree species interactions (multi-specific stands), the classifications 

based on forest canopy-cover composition by tree species are useless, e.g. in rainforests the number 

of FT was impossible to implement in the field. For this, the functional forest classifications 

(phenoclusters) allowed to decrease the complexity at landscape level (e.g. to combine FT into similar 

functional groups). These results are based on scientific and practice-oriented interests for forest 

practitioners allowing to harmonise the national FT classification using criteria and indicators to 

achieve sustainable forest management and conservation proposals. 
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Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org., Figure S1: Characterization of the forest types (Level 1, FT-1) at each forest region 

(TDF+PAT = Tierra del Fuego and Continental forests along the Andes Mountains, ESP = Espinal forests, MON 

= Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests) according to 

annual mean temperature (AMT, °C) and annual precipitation (AP, mm.yr-1). Red dots indicated means and bars 

showed the standard deviation for both axes. Acronyms are presented in Table S4; Table S2: Taxonomy of the 

tree forest species identified in the plots of the Second National Forest Inventory; Table S3: Plots of the Second 

National Forest Inventory classified by forest types (Level 1, FT-1) and forest regions (TDF+PAT = Tierra del 

Fuego and Continental forests along the Andes Mountains, DEL = Delta and islands of Paraná river, ESP = 

Espinal forests, MON = Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic 

forests). Acronyms of each forest type were presented; Table S4: Plots of the Second National Forest Inventory 

classified by forest types (Level 2 and 3, FT-2 and FT-3) and forest regions (TDF+PAT = Tierra del Fuego and 

Continental forests along the Andes Mountains, DEL = Delta and islands of Paraná river, ESP = Espinal forests, 

MON = Monte forests, PCH = Parque Chaqueño forests, YUN = Yunga rainforests, AF = Atlantic forests). 
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