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Sustainable land-use alternatives in tropical
rainforests? Evidence from natural and social

sciences
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The Amazon rainforest, formerly pristine
and highly biodiverse, is increasingly under
threat from deforestation for cattle graz-
ing, other forms of agriculture, mining
and development. To better understand
which land management type best serves
sustainability aims, we compare soil gas
exchange (CO,, CH,, N,0) and soil chemistry
for forested land with post-forest land at 13
locations and 29 sites within the state of
Amazonas, Brazil. We find that forest soils
show distinctively different signals and sig-
natures compared to soils in post-forest land
use cases. Crucial answers emerge regard-
ing the limits of system resilience as well as
sustainable alternatives to deforestation
and current land-use practices. We carry
out a socioeconomic evaluation and discuss
the likely reasons for inaction and how to
overcome them.

Introduction

Tropical rainforests, the dominant
natural landcover in the inner wet
tropics, currently cover roughly 18
million km? or about 12% of the Earth's

land surface (3.6% of the planetary surface);
about 55% of which are considered undam-

La forét amazonienne, autrefois vierge et
d'une grande biodiversité, est de plus en plus
menacée par la déforestation pour le patur-
age du bétail, d'autres formes d'agriculture,
l'exploitation miniere et le développement.
Pour mieux comprendre quel type de ges-
tion des terres répond le mieux aux objectifs
de durabilité, nous comparons les échanges
gazeux du sol (CO,, CH, N,O) et la chimie
du sol pour les terres forestiéres et les terres
post-forestieres sur 13 sites et 29 sites dans
I'Etat d’Amazonas, au Brésil. Nous consta-
tons que les sols forestiers présentent des
signaux et des signatures nettement dif-
férents de ceux des sols post-forestiers. Des
réponses cruciales émergent concernant les
limites de la résilience du systéme ainsi que
des alternatives durables a la déforesta-
tion et aux pratiques actuelles d'utilisation
des terres. Nous effectuons une évaluation
socio-économique et discutons des raisons
probables de l'inaction et de la maniére de
les surmonter.

aged (Krogh, 2020). Intact tropical rainfor-
ests generate their own climatological and
thus hydrological regimes (Marengo, 2006).
High precipitation rates, coupled with large
water-storage capacity and high evapotran-
spiration rates, trigger fast and almost per-
manent water recycling over these biomes
(Zemp et al., 2017). This is particularly true
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La selva amazdnica, antes pristina y de gran
biodiversidad, estd cada vez mds amenaz-
ada por la deforestacion para el pastoreo
de ganado, otras formas de agricultura, la
mineriay el desarrollo. Para entender mejor
qué tipo de gestion de la tierra sirve mejor a
los objetivos de sostenibilidad, comparamos
el intercambio de gases del suelo (CO,, CH,,
N,0)y la quimica del suelo para las tierras
boscosas con las tierras post-forestales en
13 lugares y 29 sitios dentro del estado de
Amazonas, Brasil. Encontramos que los
suelos forestales muestran seriales y firmas
claramente diferentes en comparacién con
los suelos en casos de uso de la tierra post-
forestal. Surgen respuestas cruciales sobre
los limites de la resiliencia del sistema, asi
como sobre las alternativas sostenibles a
la deforestacion y a las prdcticas actuales
de uso de la tierra. Llevamos a cabo una
evaluacién socioeconémica y discutimos
las probables razones de la inacciény cémo
superarlas.

for the tropical rainforest in the Amazon
basin, Brazil, which yields the world’s largest
integral tropical rainforest area (> 1 mil-
lion km? Krogh, 2020). There, this cycle
enables the system to sustain itself despite
the fact that most soils within the biome
are relatively poor in key plant nutrients
(magnesium, Mg; potassium, K; calcium,
Ca; Matschullat et al., 2020; Quesada et
al., 2010; Souza et al., 2018). Fast nutrient
uptake by plants leads to significant in-plant
storage of these elements, which become
recycled into the soil upon plant decay, yet
are returned rapidly into new plant growth
by soil microbial metabolism (Alvarado,
2016). However, recent years have seen:

i. Reduced precipitation rates in the
dry seasons, primarily to the south of
the Solimées-Amazon River channel
towards the states of Acre, Rondénia
and Mato Grosso;
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ii. Several extreme dry seasons with
next to no precipitation in June,
July and August (Betts et al., 2008;
Jiménez-Munoz et al., 2016; Lewis
et al., 2011; Yang et al., 2018). Such
drought events should significantly
impact the soil-plant-atmosphere
interface (Nagy et al., 2016).

Deforestation largely explains the
increasing drought phenomena (Longob-
ardi et al., 2016; Phillips et al., 2009; Shukla
et al., 1990) that are most prominent from
the Transamazonica Highway towards the
south. The Brazilian state of Amazonas ben-
efits from the biggest intact share of the Bra-
zilian part of the rainforest biome. This is no
longer true for the neighbouring state Par,
which has apparently already lost its carbon
retention capacity (Gatti et al., 2021). Defor-
estation easily leads to immediate altera-
tion of physical and chemical soil quality,
generally resulting in more depleted, less
permeable and highly erosion-sensitive
soils (Fearnside, 2005; Laurance et al., 2013;
Tolimir et al., 2020). Deforestation in low
latitudes triggers atmospheric warming
with specific risks for the Amazon rainfor-
est biome (IPCC, 2021; Longobardi et al.,
2016). This biome is one of two global ter-
restrial biospheric tipping elements (IPCC,
2021; Lenton et al., 2008).

Deforestation also leads to rapid nega-
tive change in soil microbial communities
(Kroeger et al., 2018) and soil physical prop-
erties (especially soil density, permeabil-
ity), altering the greenhouse gas exchange
between soil, plants and the atmosphere
(Medina et al., 1980; van der Werf et al.,
2009). Reducing deforestation and forest
degradation is considered a cost-effective
means to mitigate anthropogenic green-
house-gas emissions (Gullison et al., 2007;
van der Werf et al., 2009). Within the Bra-
zilian Amazon rainforest biome, however,
original forest is replaced by pastureland,
agriculture (plantations), agroforestry
and to a minor degree by aquaculture
and mining activities — mostly since 1970
with establishment of the Transamazdnica
Highway (Fearnside, 2005; Moran, 1981).
Regional soil degradation as a consequence
of improper land-use management has been
known for a long time (Nobre et al., 2016;
Sioli, 1983).

To what extent may such post-forest
landcover types be sustainable — and how
can this be assessed objectively? We targeted
13 locations across Amazonas state, access-
ing both forest and post-forest areas at each
location to study deforestation effects in
respect to land-use change (Figure 1). At
each site, we repeatedly determined the
soil chemical status and soil gas exchange

(CO, CH,, N,0). Composite litter material
(ORG) and mineral soil samples from two
depths (TOP, BOT) were taken to quantify
the element pools of macro and micronu-
trients as well as of carbon (C,, C_ ). Gas
exchange serves as gauging biological vital-
ity. All sampling took place in two subse-
quent rainy and dry seasons each from 2016
to 2017 (Matschullat ef al., 2020, and refer-
ences therein).

Here, we test the hypotheses that

« Amazonas soils are truly nutrient and
carbon depleted,

o Forest soils are less depleted than
post-forest soils,

+ Gas exchange distinctively differs
between forest and post-forest soils,

o Agroforestry appears to be the best-
adapted type of post-forest land
cover,

« Sustainable alternatives to current
land-use practices in the Amazon
basin biome are possible.

Based on the evidence obtained from
various physical science studies, an analysis
of socioeconomic and socio-psychological
boundary conditions finally helps to under-
stand why the pathway to more resilient and
sustainable land use appears challenging
and how obvious obstacles could possibly
be overcome on a medium term. Based on
several thousand years of indigenous cul-
tures, the Amazon basin today is dominated
by settlers with mostly European roots from
the south and the northeast of Brazil, where
cattle herding is a key cultural characteris-
tic. Changing habits is a most demanding,
yet necessary challenge (Kibler et al., 2018;
Nepstad et al., 2014).

Materials and methods

Within Amazonas state, we selected 13
upland (terra firme) locations, aiming at
maximum diversity within the basin. Year-
round accessibility by 4WD vehicles was
mandatory, since other means of transport
are either too time-consuming (boat) or too
costly (aircraft, helicopter). The selected
locations cover an area of roughly 170,000
km?, generally with at least one forest site
and a nearby post-forest site (Figure 1 and
supplementary data). Post-forest sites are
classified as pastureland (n = 3), agrofor-
estry (Brazil nut trees: Bertholletia excelsa,
rubber trees: Hevea brasiliensis, agai palms:
Euterpe oleracea, eucalyptus trees: Eucalyp-
tus sp.; n = 4), and agriculture (corn: Zea
mays, cassava: Manihot esculenta, orange
trees: Citrus sinensis; n = 4). We grouped
orange plantations (n = 2) under agricul-
ture, justified by the fact that the orange
trees were short (maximum height 2.5 m)
and lacking other crops under the canopy.
To classify the orange plantation under agri-
culture is somewhat arbitrary, yet does not
radically change results to the alternative
of agroforestry.

Each site had a minimum size of roughly
1 hectare (10,000 m?) and was visited at
least three times in subsequent rainy and
dry seasons from February 2016 to March
2017. Three sampling spots were selected
on each site to represent site-specific vari-
ability. Very good data agreement between
the sampling spots of any one site (gas
exchange) and between seasons (soil chem-
istry) confirmed this selection. For more
information on geological setting and site
details, see Matschullat et al. (2020).
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Figure 1: Position of the 13 sampling locations in the state of Amazonas, Brazil. See text for details.




A total of 159 composite mineral soil
samples were taken from three spots per
hectare by soil augers (Sondaterra, Piraci-
caba, Brazil) from 0-20 cm (TOP, n = 79)
and from 30-50 cm (BOT, n = 80) depth.
Sample weight was between 2 and 3 kg each.
Samples were stored in gas and water-tight
Rilsan® bags (Tub-Ex, Denmark) until fur-
ther laboratory work. The intermediate 10
cm (20-30 cm) were discarded in order to
minimise cross contamination between
the two depth layers. The litter layer (vari-
ous humus forms = ORG) was sampled as
composites, too, with a volume of 2-3 liters
each (n =75). ORG samples were taken in
cotton bags and left to air dry as of sam-
pling. In parallel to sampling, soil water
content (SWC) was determined by multi-
ple TDR probe measurements around the
drill spots. Soil water pH (H,0) and electri-
cal conductivity (both WTW instruments
with Meinsberg electrodes, Germany) were
determined in the laboratory on all com-
posite samples. Field duplicates and certi-
fied standards (ORIS, BHA-1) as well as
in-house reference (BraSol) materials were
added for quality control.

Samples were analysed in our Freiberg
laboratories by WD-XRF (Bruker S8, Ger-
many) for major, minor and a few trace
elements, by ICP-OES (Perkin Elmer 3300
DV, USA) mainly for alkali elements and
alkaline earths, by ICP-QMS (Perkin Elmer
Sciex Elan 9000, USA) for trace and ultra-
trace elements and by elemental analysis
for carbon (total and organic), nitrogen and
sulfur (Elementar Vario El Cube, Germany).
The chlorine (Cl) analyses were performed
by Mauana Schneider by AAS in Flori-
anodpolis, Santa Catarina, Brazil. For this
work, macro (nitrogen, N; magnesium, Mg,
phosphorous, P; sulfur, S; potassium, K;
calcium, Ca) and trace nutrients (boron,
B; chlorine, Cl; manganese, Mn; iron, Fe;
nickel, Ni; copper, Cu; zinc, Zn; molybde-
num, Mo) were quantified, as well as com-
ponents such as carbon (C and C_ ), and
additionally sodium (Na) and silicon (Si),
albeit non-essential for most plants, and

Table 2: Median (n = 159) soil temperature (°C), humidity (SWC%), pH

Topic - Soil _

Table 1: Detection limits (3 o) for the methods used*, individual elements and related concentration

units.

Method -EA- - WD-XRF -
Unit -wt-% - -mgkg'-

Element C, C N Na,0 i MgO | SiO, : PO, = SO, i KO CaO
Value 0.04 0.03 0.004 60 60 50 5 10 5 20

Method - WD-XRF - - ICP-OES - AAS | ICP-QMS
Unit -mgkg’- -mgkg’- -mgkg'-

Element - MnO, @ FeO, Mg K Na Ca Fe Mn a Mo
Value 10 25 5 140 40 15 10 0.3 10 0.1

*EA: elemental analysis; WD-XRF: wavelength-dispersive X-ray fluorescence spectrometry;
ICP-OES: inductively-coupled plasma - optical emission spectrometry; AAS: atomic absorption spec-
trometry; ICP-QMS: Inductively-coupled plasma - quadrupole mass spectrometry

cobalt (Co), which is considered potentially
essential. Our determination limit was too
high (2.5 mg kg') to quantify selenium
(Se); our detection limits for all elements
are provided in Table 1. For more details
on analytical methods and quality control,
see Matschullat et al. (2020).

Soil respiration was determined with the
portable manual closed dynamic chamber
system SEMACH-FG (Zurba, 2016). Each
unit contained a Vaisala GMP-343 IR-spec-
trometer for fast and precise in-situ CO,
determination, and sensors to determine
soil and air temperature and humidity,
air pressure and photosynthetically active
radiation (PAR). With every campaign,
the chambers were positioned on each of
the three measurement spots per site onto
soil-inserted rubber-sealed PVC rings (o, 25
cm). Carbon dioxide concentrations were
measured in situ over about 30 minutes per
sequence, and repeated three times. With
each third sequence, gas samples were addi-
tionally taken via a chamber interface to
determine CH, and N,O concentrations
in the laboratory by gas chromatography
(861 OC, SRI instruments Europe). These
samples were taken with 20 mL syringes
(0.25 pm needles) and filled into 12 mL
double-wadded, pre-evacuated Exetainers®

H20

%; n = 56) — in Amazonas lowland (terra firme) soils (this work).

(type 839W, Labco, England). Gas fluxes
were calculated from the field data and from
those gas samples (at 0, 5, 10, 15, 20, 25,
30 minutes).

All sites were ortho-photographed
by drone (DJI Phantom 3 professional).
The high-resolution images were used
to enhance satellite images from 1990
onwards (improvement of pixel informa-
tion and more precise landcover data).
Keen observations and non-structured
interviews with land-owners, representa-
tives of lobby-groups and governmental
institutions as well as scientists with experi-
ence in Amazonas form a fruitful base of
socio-economic and socio-psychological
assessment, as Matschullat and Deschamps
(2015) have shown for a case study in Minas
Gerais, Brazil.

Results and discussion

To answer the key question of this work,
we first characterise Amazonas soils (pedo-
geochemical and some physical character-
istics), then assess soil gas exchange - both
in direct comparison between forested
and post-forest soils — and interpret the
information in respect to the key ques-
tion. Finally, we explore the obstacles and

electrical conductivity (EC, uS cm™), and granulometry (clay, silt, sand fraction,

Parameter TOP Bonyg TOP BOT TOP,, BOT, TOP, . TOP, , . TOP,, . TOP,, .
Temperature 26.3 n/a 26.5 n/a 26.0 n/a 25.7 25.5 27.6 27.1
Soil water 27 n/a 33 n/a 12 n/a 27 11 37 12.5
PH,,o 4.6 4.5 4.8 4.5 4.2 4.4 4.5 4.1 5.0 4.6
Electr. Cond. 46 27 33 23 66 30 45 79 28 46
Clay fraction 31.8 45.5 n/a n/a n/a n/a n/a n/a n/a n/a
Silt fraction 29.8 21.8 n/a n/a n/a n/a n/a n/a n/a n/a
Sand fraction 22.8 19.3 n/a n/a n/a n/a n/a n/a n/a n/a

avg: average. rs: rainy season. ds: dry season. For-rs: Forest, rainy season. For-ds: Forest, dry season. PF-rs: Post-forest, rainy season. PF-ds: Post-forest, dry

season
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pitfalls to more sustainable land use in the Table 3: Nutrient element concentrations [mg kg''] in Amazonas soils (median values and ranges in
Amazon biome, expanding the view from ORG, TOP and BOT) in comparison with average upper continental crust (UCC*), world soil average
the geosciences to a broader socioeconomic (WSA*), and European data (FOREGS®). Data rounded for clarity. *See below for references.

perspective.
Element : Layer : Median : Minimum : Maximum - ORG/TOP : UCC WSA FOREGS
Soil characteristics C, ORG 422000 273000 496000
TOP 19100 10200 32900 22 n/a n/a n/a
Soils of the inner humid tropics differ in BOT 10000 4500 15400
many respects from temperate soils due to C ORG 376000 270000 463000 n/a
their age and climatic boundary conditions. “ TOP 16000 7600 27400 24 n/a n/a:i 17300
Yet, the basic processes and core proper- BOT 8200 3400 12100 4000
ties remain the same — namely acidic,low g ORG 14700 5400 23800 nfa  na n/a
electrical conductivity conditions and a low
pool of mineral nutrients (Juo & Franzlueb- T0p 1200 20 2300 10 n/a n/a n/a
bers, 2003; Sanchez, 2019; Tables 2 and 3). sor 200 40 1150
Table 2 shows these characteristics, aver- Na ORG 80 19 3040 n/a n/a n/a
aged for the locations and sites discussed ToP 420 120 3190 0.2 24260 10000 2940
here. From a mineralogical and granulo- Bor 330 150 3340 6680
metric perspective, the higher percent- Mg ORG 2010 190 3740 n/a n/a n/a
ages of clay-size material in the BOT layer TOP 570 40 1990 35 14950 9000 4640
reflect clay particle transport to deeper soil BOT 520 20 2350 5910
horizons (argillation or lessivage; Buringh, Si ORG n/a n/a n/a n/a n/a n/a
1970). Lower BOT electrical conductivities TOP 309890 138350 413180 n/a 3716430
corroborate this result, reflecting higher BOT 284180 138350 402900 311380 | 280000 317830
sorption capacity of the deeper, more clay p ORC wa wa wa wa wa wa
mineral-rich layers. Distinct dlfferenc.es T0P 505 90 1700 n/a 570
between dry and wet seasons emerge, with 650 750
considerably higher electrical conductivi- sor 12 80 2030 40
ties in the dry season that result from less 3 ORG 1720 890 2760 n/a n/a n/a
dilution by fresh rainwater. Soil solution Top 270 120 510 64 620 800 230
pH is higher in the rainy season, independ- sor 210 80 540 119
ent of land cover. However, while TOP pH a ORG 3300 1900 22900 n/a n/a
values are distinctively higher than in BOT TOoP 620 90 29200 5.3 370 300 n/a
during the rainy season, this signal reverses BOT 2360 290 10900
in the dry season, albeit less strongly. This K ORG 1380 315 17050 n/a n/a n/a
likely reflect the solubility (non-solubility) TOP 540 110 11450 26 15940
of anionic complexes and thus respective BOT 480 100 11970 23240, 14000 16770
soil water content (SWC). Ca ORG 6170 450 28800 na  na_ na
Similarly, significant differences appear T0P 180 100 5150 34 6580
between forest and post-forest landcover. 25660 14000
While TOP soil temperatures show a minor Bot 120 2 890 8080
. . Mn ORG 240 32 1390 n/a n/a n/a
signal of seasonal dynamics under forest
canopy, this difference is more pronounced Top 24 20 1130 26 77 530 203
and shows at least 2 °C higher tempera- Bor % 24 1340 465
tures on post-forest sites as result of reduced Fe ORG n/a n/a n/a n/a n/a n/a
shading and lower evapotranspiration rates. Top 26650 15810 162260 n/a 30180 35000 24550
Soil water content, while much higher in BOT 30280 16930 167160 26230
the rainy season, is higher in post-forest Co ORG 0.26 0.03 2.6 n/a n/a n/a
soils. This can be explained by rapid loss TOP 0.92 0.30 12 0.3 7.8
of soil porosity and surface compaction BOT 1.3 0.34 13 17.3 10 8.0
with and after deforestation, forcing water Ni ORG 50 0.24 15 n/a n/a n/a
to stay IF)nger at the surface of pos.t—fore.st T0P 50 15 28 0.4 18
sites. Soil solu.tlon pH Va%ues are higher in BOT we 53 3 47 20 55
post-forest soils (+0.5 units), likely reflect-
. . . Zn ORG 25 11 150 n/a n/a n/a
ing the interrupted (broken) rapid recy-
cling process between forest plants and soil, Top 21 10 130 12 67 70 32
where plants (namely trees) rapidly take up 80T 26 12 144 4
nutrients, including buffering base cations, Cu ORG 8.9 38 32 n/a n/a n/a
and is possibly also due to individual liming TOP 9.2 1.2 44 1.0 28 25 13
(Table 3). These effects are corroborated by BOT 9.7 4.2 43 14
much higher electrical conductivities in Mo ORG 0.22 0.03 5.2 n/a n/a n/a
forest soil solutions as compared to those TOP 1.7 0.44 4.3 0.1 0.6
of post-forest soils. BOT 1.7 0.30 5.7 o 12 0.5

n/a: not available. UCC: Rudnick and Gao (2014); WSA: Koljonen (1992); FOREGS: Salminen et al. (2004)
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Figure 2: Organic carbon (top) and nitrogen (bottom) in lowland terra firme Amazonas topsoil -

comparison between forest and post-forest grouped by land-use types. Phases 1 and 3: Wet seasons,

phase 2: Dry season.

Macro and trace nutrient elements.
Healthy plant growth demands availabil-
ity of chemical elements, differentiated
by macro (N, Mg, P, S, K, and Ca) and
trace nutrients (B, Cl, Mn, Fe, Ni, Cu, Zn,
and Mo), as well as components such as
hydrogen, H; carbon, C; and oxygen, O.
Compared to upper crustal averages (Rud-
nick & Gao, 2014) and world soil averages
(Koljonen, 1992), most of these 14 deter-
mined elements are depleted in Amazonas
mineral soil (Table 3). This is not true how-
ever, for C and Corg, N, Si, Cl, Mn, Fe, and
Mo. Seasonal differences in physicochemi-
cal parameters (Table 2) are not reflected
statistically in the pedogeochemical data,
likely because the observation period as
well as the time passed since deforestation
(from months to a maximum of 60 years)
is insufficient to show such change beyond
doubt - except for carbon and nitrogen,
where distinct differences develop rapidly
with deforestation (Figure 2).

Interseasonal variability is noticeable
for both C_ and N in topsoil and is most
pronounced in forest and agroforestry land
use. Organic C is highest in forest and agro-
forestry, while nitrogen shows the highest
values in forest topsoil, yet there is no sta-
tistically relevant difference to agroforestry
and pastureland (Figure 2). Comparing all

median forest soil data with those of post-
forest soils shows subtle yet clear differences
in both TOP and BOT soil layers, however
(Table 4, and Matschullat et al., 2020: Tables
2 and 4). In both layers, Na, Mg, Si, P, K, Ca,
Mn, and Fe show higher concentrations in
post-forest soils, with strongest signals for
Mg, K, and Ca, while carbon (Cl and Corg),
nitrogen and sulfur show lower values in
post-forest soils in the TOP layer; no dif-
ference is found in the deeper BOT layer.
Those higher concentrations in post-forest
soils are likely to be explained by soil man-
agement (fertilisation).

Carbon, including Cmg, and N show
similar average concentrations in lowland
Amazonas mineral soils as the average of
the European continent (Salminen et al.,
2004). Such unexpectedly high C and N
concentrations were published much earlier,
by Sanchez and Buol (1975) and references
therein. The reason likely lies in the very fast
biogeochemical recycling of organic matter
in the inner humid tropics, with perma-
nent C and N replenishment in forest soils
by their plant cover. Table 3 presents their
very high values in biomass, here reflected
by litter material (ORG). Truly depleted
in the organic matter are Na, Co, Ni, and
Mo, while C, N, Mg, S, Cl, K, Ca, and Mn
are comparatively enriched. The depletion
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relates to both relatively high solubilities in
the chemical weathering cycle (alkali and
alkaline earth elements, P and S) as well as
enhanced mobilities under highly acidic
conditions (Co, Ni, Cu and Zn). The rela-
tive mineral soil enrichment of Cl and Mo
may relate to lithology (soil mineralogy), to
plant physiological activity (Mo: Gardner
et al., 2014) and to soil biological (fungal)
activity, typical for the humid tropics (Cl:
Bastviken et al., 2007; Svensson et al., 2017).

Total and organic carbon significantly
decrease from forest to post-forest soils in
both TOP and BOT layers (Figure 2). The
same is noticeable, albeit less pronounced,
for nitrogen, sulfur and chlorine. Haloge-
nides can be liberated with degradation of
organic matter into soils (Keppler et al.,
2003; Svensson et al., 2021). Carbon, N,
S and Cl are closely related to microbial,
particularly fungal, metabolism, which
becomes suppressed with the transition
from more or less undisturbed forest to
post-forest ecosystems. Sodium, Mg, Si, P,
K, Ca, Fe, Co, Ni, Zn, Cu and Mo show
higher concentrations in the post-forest
TOP soil material, and only Na, Mg, P, K,
Fe, Co, Ni, Zn, and Co also in the post-
forest BOT layers as compared to the
forest soils. We attribute this to reflecting
the strongly decreased soil-plant interface,
where plants (mostly trees) no longer take
up and store these elements in their bio-
mass; it remains in the soil instead.

Soil gas exchange

Within a certain range of boundary con-
ditions (soil pH, temperature and water
content), soil gas exchange is relatively high
in the inner humid tropics as compared to
other climate zones; this is true independent
of land-use type. Within the tropics (and
elsewhere), wetlands tend to show the high-
est respiration rates (CO, equivalents), fol-
lowed by forested land, grassland, cropland
and finally barren land (Oertel et al., 2016).

We observed distinct gas exchange dif-
ferences between wet and dry seasons for
CO,, CH, and N,0, as well as for land
cover (forest versus post-forest), (Figure
3). Forest soils show generally higher CO,
and N,O release and higher CH, uptake
rates than post-forest soils, with distinc-
tively lower signals for each gas species in
the dry season.

Forest soils showed the highest median
CO, emissions (in pmol m™ s) with 5.46,
followed by almost equal values for agricul-
ture (3.38), pasture (3.32) and agroforestry
(3.30). The same sequence was found for
median N,O values (in pmol m? h™') with
forests showing 0.90, followed by agricul-
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Table 4: Comparison of median (nutrient) major, minor [wt-%] and trace elements [mg kg™'] values
between forest and post-forest soils in the mineral soil layers TOP and BOT soils in Amazonas (this

work).
Element Layer Forest Post-forest Ratio*
C wiss TOP 215 1.73 1.24
Wi
R BOT 1.00 0.92 1.09
C wen TOP 1.69 1.4 1.17
Wi
org V70 BOT 0.83 0.76 1.09
Nt TOP 0.148 0.141 1.05
Wi
0 BOT 0.083 0.084 0.99
ot TOP 0.036 0.047 0.78
a wt-
’ BOT 0.036 0.054 0.67
o it TOP 0.052 0.079 0.66
Wi
gwisp BOT 0.048 0.093 0.52
- TOP 30.9 31.7 0.97
0 BOT 28.4 286 0.99
s TOP 0.017 0.022 0.80
Wi
0 BOT 0013 0.019 0.68
wton TOP 0.027 0.024 1.13
Wi
v BOT 0.021 0.020 1.05
s TOP 0.036 0.163 0.22
Wt
0 BOT 0.035 0.273 0.13
Cowtss TOP 0.016 0.036 0.44
’ BOT 0.014 0016 0.87
s TOP 0.008 0.009 0.83
Wi
0 BOT 0.008 0.008 0.91
ot TOP 245 273 0.90
e Wl-
0 BOT 277 3.94 0.70
e ke TOP 720 520 1.38
o ko
9% BOT 2480 2360 1.05
Comaa! TOP 0.83 0.96 0.86
9% BoT 1 14 0.79
. TOP 47 53 0.89
1
9% BoT 57 7.7 0.74
I TOP 19.9 23.3 0.85
9% BoT 24 29 0.83
oo ke TOP 7.3 9.8 0.74
um 3
A BOT 75 1.1 0.68
o ma ko TOP 1.41 1.73 0.82
9% BOT 1.70 1.68 1.01

*Minor numerical differences result from rounding the concentrations in the table

ture (0.67), pasture (0.35), and agroforestry
(0.28). Median values for CH, (in umol m*
h') clearly show forests as a methane sink
(-3.62), while agriculture (0.00) and agro-
forestry remained neutral (0.00) and only
pastureland soils acted as source (1.25). The
higher forest soil signals for CO, and N,O
certainly reflect higher soil microbial activ-
ity and root density as compared to those of
post-forest soils. The sink quality of forest
soils for CH, do corroborate this outcome.
That the post-forest land-use types do not
show major differences between themselves
appears reasonable given the limited period
of time that has passed since deforestation.
While post-forest soil emissions directly
escape into the atmosphere, forest soil emis-

sions largely stay within the tree canopy -
the net escape signal into the atmosphere is
lower than that of post-forest soils (Pan et
al., 2011). Our laboratory CO, values (gas
chromatography) were very consistent with
those measured earlier in-situ (not shown).

When separating the central part of
Amazonas state (Amazonas-Solimdes River
“valley”) from the southern reaches of the
basin (south of Transamazdnica Highway
near Rondonia and Acre states), relatively
higher CO, (and N,0O, not shown) respi-
ration signals emerge in the more humid
central part. However, the central region
appears to be a larger CH, sink than the
south (see Figure 3). This behaviour likely
reflects more constant rainfall in the central

part, even in the dry season — with related
optimal water availability — as compared to
the extreme drought experienced in Sep-
tember 2016. This argument is corroborated
by the gas exchange behaviour in the three
subsequent campaigns and a flux optimum
between 20 and 40% SWC.

Obviously, forest soils represent more
balanced and more resilient conditions
compared to any post-forest land use. In
topsoil, particularly carbon (C and Corg) is
higher, and gas exchange shows the highest
vitality in forest soil. While no significant
differences emerged between agriculture
and agroforestry in our study, pasture-
land clearly qualified as the worst possible
post-forest land use, conforming findings
of Bringhurst and Jordan (2015) and of
Reiners et al. (1994).

Land-use alternatives

Decision makers often pursue and seek
to encounter and apply a single ultimate
solution for a complex issue. However,
reality and scientific theory teach us that
there are no simple or single-track solu-
tions for complex problems, since many
such problems are rather wicked and escape
quick “fixes” (Ostrom ef al., 2007; Rayner
& Malone 1998). The issue of sustainable
land-use management in the Amazon
basin certainly belongs into this category.
While simple solutions appear attractive,
they may do more harm and damage than
doing nothing. We therefore propose a
different approach in form of a conceptual
model that integrates project and external
experience with long-term experience
by Embrapa (the Brazilian Agricultural
Research Corporation).

The Amazon biome and its socioeco-
nomic challenges are a highly complex
meta-system, not even fully understood
by natural and social sciences. Overprint-
ing this biome and its functionality with
any kind of post-forest land use increases
complexity in close spatial proximity to the
original forest system. The various stages of
biophysical immaturity of human demand-
driven land cover develops its own dynam-
ics. Small-scale slash-and-burn practices
with rotating small-scale agriculture, such
as practiced by indigenous people, have
little more disturbing effect than a natural
forest opening triggered by the loss of some
large mature trees, e.g., felled by a tropical
wind storm. Individual small-scale farm-
ing, independent of the type of plantation,
is likely also of limited disturbance. Yet,
collectively, many individual small-scale
farms in close proximity to each other may
rapidly magnify into a much larger-scale
disturbance. In consequence, the biome
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Figure 3: (Top) CO,, CH, and N,0O gas exchange at post-forest and forest sites. (Bottom) CO,exchange,

differentiated by the central and southern parts of the Amazon basin. Both Amazonas lowland (terra

firme) soils. Phase 1 and 3: Wet seasons; phase 2: Dry season. Note the different scales (y-axes).

becomes fragmented, comparable to the
effects of large-scale industrial agriculture.
Figure 4 shows land degradation in five-year
increments from 1990 to 2015 near Boca
do Acre (location 13 in Figure 1). Numer-
ous small farmers rapidly transformed the
original forest to dominantly pastureland
and are now facing water scarcity and soil
fertility decrease, since creeks are drying up
and the remaining forest patches no longer
supply enough water via water retention.
Since 2017, Embrapa has been assisting
individual farmers to re-establish “forest
areas” at least alongside former creeks and
valleys, aiming at re-establishing a mini-
mum supply of water for cattle and people.

Forest is the natural land cover for the
Amazon biome. If humans with their cur-
rent land-management practices retreated
from the land, woodland would re-establish
almost everywhere within years or decades.
Such re-establishment would not be equal
to a full recovery of the ecosystem, since
the system would show its former dis-
turbance for centuries. This is visible, in
the biosphere reserve Adolfo Ducke near
Manaus (location 04; Figure 1), where about

100 years after deforestation, the now pro-
tected system still shows impacts from the
past (Oliveira et al., 2011). Recognising the
relevance and importance of the natural
Amazon rainforest biome for Brazil and
beyond, and the doubtlessly detrimental
effect of non-sustainable land use in the
basin, society needs to think about ways
out of this vicious cycle of a seemingly ines-
capable drive for more land grabbing for
agriculture, agroforestry, settlements and
industry, mining and other forms of natural
resource exploitation (Brando et al., 2013).

Opposite to the example near Boca do
Acre (location 13, Figure 4), an earlier
devastated farm with pastureland near Ita-
coatiara (location 01; Figure 1) started to
radically re-establish more natural land-use
around 1990. The satellite images demon-
strate that over the past 30 years, most of
the formerly devastated soils have recovered
under the canopy of newly planted Brazil
nut trees with agroforestry economy (Figure
5), showing that carefully managed agrofor-
estry may have significant beneficial effects.

Today, about 34 million people live in the
Amazon basin. The population in the state

Topic - Soil _

of Amazonas state reached 4.207 million
in 2020, with more than 2.2 million in the
capital Manaus (IBGE 2021). Yet, this is
very recent growth. Manaus had less than
300,000 inhabitants in 1980. Villages and
towns that were home then to a few hun-
dred to a few thousand residents are today
(2020) home to tens of thousands. This
also applies to the population dynamics of
places near our sampling and experimental
locations (see Figure 1) such as Itacoatiara
(location 01, population 102,701), Rio Preto
da Eva (location 02, 34,106), Apui (locations
07 and 08, 22,359), Humait4 (location 09,
56,144), Labrea (location 10, 46,882) and
Boca do Acre (location 13, 34,635). Families
established their lives and infrastructure
has been developed. At present, hospitals,
schools and even satellite campuses of uni-
versities, power plants, shopping centres,
small airports and typical modern amenities
can be found almost everywhere — not only
in the state capitals.

Two key issues connected to this devel-
opment appear underexplored. People
with ethnic roots in Amazonia are a small
minority today (data from governmental
and NGO sources range between 80,000
and 200,000). Most people, even in more
remote places, are immigrants from south-
ern and north-eastern Brazil or from other
countries. Most are still newcomers, since
modern settlement started in the second
half of the 20" century with the develop-
ment of the Transamazdnica Highway
(Fearnside, 2005). Since immigrants came
to develop the land and make a better life
for themselves, a frontier spirit developed
(similar to that in North America in the
19 century) with a clear emphasis on
survival and economic success. Most of
these people endured very tough condi-
tions before they or their offspring reached
a certain economic affluence, which can
now be observed in many places. This afflu-
ence, however, came with the price of land
degradation and massive deforestation in
some places (Figure 4; Boca do Acre).

The people’s urge and need to survive and
to succeed was coupled with rather reck-
less and ongoing suppression of indigenous
people (first nations). With few excep-
tions, the radically different indigenous
lifestyle has never been appreciated or
even respected by most new immigrants.
A perception of superiority over indigenous
people has further hampered any attempt to
learn from their long-term experience on
how to deal with the harsh natural bound-
ary conditions in the Amazon up to today.

In effect, new settlers mostly apply land
management techniques that they imported
from their home places. They force these
techniques onto a radically different natu-
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Figure 4: Land degradation dynamics near Boca do Acre (location 13) with time (1990-2015). The most

prominent feature is the transition from forest (dark green) to pasture land (yellow).

ral environment that cannot deal with the
related impacts. Agricultural land may
deliver decent yields for a limited number of
years before soils become exhausted, lead-
ing the agriculturist and farmer to deforest
more area for plantations or pastureland.
The ever-growing immigrant population
propagates the need for more land with
every generation, demanding more and
better infrastructures - driving a vicious
cycle of biome disintegration and decay.
Brazilian and international scientists
have produced a wide range of studies with
robust data documenting the lack of social
and environmental sustainability (Castro
et al., 2019; Freitas & Freitas, 2018; Nobre
et al., 2016; Pereira et al., 2019; Stewart et
al., 2021) as well as the global risk of the

ongoing hegemonic development path in
the Amazon (Bastos Lima et al., 2020; Per-
reira & Viola, 2020). Such a path is char-
acterised by the reduction of social and
natural complexity in the Amazon region
to an asset to be transformed into economic
values in which the land is mostly owned by
stakeholders outside of the Amazon region
(Castro, 2019; Freitas & Freitas, 2018; Mon-
teiro, 2005; Stewart ef al., 2021; Urzedo &
Chatterjee, 2021).

Changing this structure is no easy task
and exceeds the competence and respon-
sibility of science. It is the political system
that has to organise decision-making pro-
cesses leading to choices with broad social
acceptance. Science-based observations
of the way the political system operates

in Brazil and in the Amazon states and
municipalities can identify the structures
that maintain the status quo and the obsta-
cles to alternative development paths. The
development agenda is mostly defined by
players who see biological and geological
diversity of the natural environment as a
commodity only, able to be transformed
into economic value (Abel, 2021; Aumeri
and Bampi, 2019; Fearnside and De Alen-
castro Graga, 2006; Freitas & Freitas, 2018;
Silva & Sobreiro, 2018; Urzedo & Chatter-
jee, 2021). That vision is highly appreciated
and supported by the central government,
which considers the Amazon as an impor-
tant asset to serve national development
interests (Carvalho et al., 2020; Oliveira
Neto & Nogueira, 2020). Income generated
by the export of mining, logging and agrar-
ian products (meat, crops, etc.) contributes
substantially to the national trade balance
(Carvalho et al., 2020; Martins & Rugit-
sky, 2018). The central government widely
and directly encourages these activities by
special credit-rates and tax-liberation, and
indirectly by failing to monitor or punish
environmental legislation violations and by
legalisation of land grabbing (Castro, 2019;
Cardoso Jr & Rey, 2019).

On the other hand, economic actors who
invest in sustainable forms of land and natu-
ral resource use receive next to no support
from political authorities and may even face
local resistance (Pokorny et al., 2014; Santos
et al., 2021). Although economic viability
and the success of more environmentally
prudent forms of natural resource usage can
be demonstrated, these still form a niche
in the Amazonian economy (Gasperini &
Gomes, 2020).

Dispute about the development path of
aregion is a political one, characterised by
a battle of ideas and actors with different
economic and political power (Lacerda,
2019; Moreira & Pereira, 2020; Sobrinho
et al., 2018). It is crucial that a scientific
community committed to a project dealing
with aspects of a future society alongside
social and environmental sustainability take
an active role in the political dispute. Such
positioning becomes even more important
when public discussion is increasingly
characterised by fake news and a growing
aversion to scientific explanations in favour
of those that deny complexity (Biancov-
illi et al., 2021; Figueira & Oliveira, 2017;
Giordani et al., 2021; Silva & Viera, 2021).
In respect to the Amazon, global networks
that back local researchers and enable the
exchange of experience with other regions
of the humid tropics are most helpful. In
doing so, universities — as a fundamen-
tal element of the scientific system - can

12



0 25 5 10
I S KT

(@I

- Plantation - No Vegetation

[:] NoData - Secondary Vegetation - Cropland - Water

- Forest |:J Pasture

Figure 5: Land (and soil) recovery by transition from devastated pastureland (1990) to dominantly

agroforestry (2015) with Brazil nut plantation (Bertholletia excelsa Bonpl. in light green) near Itacoatiara

(location 01).

assume a more proactive role as adviser
or mediator in political decision-making
processes regarding future choices of devel-
opment paths of the region where they
are socially and economically embedded
(Mathis, 2001).

Approaches to problem-solving
- Hypotheses

The following hypotheses are derived
from numerous informal interviews with
local people, mostly farm families.

o Some farmers do understand that
their activities are non-sustainable;

Such farmers do not want to degrade
their land;

Most farmers have no knowledge on
how to change their practices with-
out compromising their economic
survival;

The younger generation, often with
some higher educational background,
mostly wishes to stay in the region;
This generation seeks answers to the
described issues and wants to find
solutions;

There is critical mass in the current
“immigrant” population that wishes

Topic - Soil

to live and produce more sustainably;

« Solutions or more precisely, distinct
improvements towards more sustain-
able land use without compromising
peoples’ right to live and prosper, can
be found on a local level only;

o Many if not most people in the region
feel neglected by politicians and deci-
sion-makers in the capitals;

o A spirit of “every man for himself”
prevails.

If we accept the additional hypothesis
that only forestland is appropriate and
sustainable for Amazon basin boundary
conditions, then the direction to be taken
must be towards maximum preservation of
this natural resource. If we likewise accept
results of acknowledged scientific studies
that large-scale conventional agriculture for
cash crops (independent of whether it con-
sists of very large single farms or very many
much smaller ones) can lead to quick soil
impoverishment (nutrient loss, compac-
tion, etc.) and soil loss (erosion), then we
must stop this development and establish
much tighter and efficient control to prevent
further increase in such non-sustainable
land use.

Yet there are 34 million people who
already live there, have a right to live there
and have the natural human wish to pros-
per and to further develop their region.
To this respect, the Amazonia challenge is
no different from other global challenges
that demand human behavioural change
as a prerequisite to betterment. This under-
standing that the challenge is of major
dimensions and will not and cannot be met
by piecemeal approaches bears the key for
finding pathways to solutions (Figure 6).

Seven Pathways to solutions

1. Allow for many and highly “individu-
alised” solutions. Try all options that
have not proven false or misleading
already. No one single roadmap can
fix the issues. Instead, numerous
pathways could help reach the aim,
since local conditions highly differ
from place to place with respect to
social, economic and natural condi-
tions - the sustainability triad.

2. Open alternatives, think out of the
box, use local potential - and include
indigenous experience. Solutions, or
more precisely distinct improvements
towards more sustainable land use
without compromising peoples’ right
to live and prosper can be found on a
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local level only. Targeting individual
farms and developing better land
management techniques that make
use of the potential without exhaust-
ing it is one of the necessary steps.
Another step lies in fulfilling the
demands of people without neces-
sarily allowing for business-as-usual
activities. Related alternatives can
include very different, non-agricul-
ture-related job opportunities or
paying for the recovery of ecosys-
tem services on a farm rather than
for typical farm products (Borner et
al., 2010; Nicholaides et al., 1985).

Stop business as usual and explore
higher levels of the value chain. Since
the Amazon biome is not suited for
successful long-term intensive con-
ventional agriculture (neither plant
nor animal production), alterna-
tives are needed besides small-scale
sustainable agricultural practice. So
far, the potential for the productive
industrial sector has been radically
underexplored, with Manaus being
the only place with noticeable indus-
trial production activities. Since
industry, including mining, can be
done with much smaller ecological
footprints than agriculture (Bansal,
2005; Matschullat & Gutzmer, 2012;
Owen & Kemp, 2013), it appears
worthwhile to actively pursue specific
and environmentally-benign indus-
trial development. However, devel-
opment without compromises in the
qualities of air, water and soils as well
as social issues does not emerge with-
out commitment to functional and
honest governmental institutions nor
clear environmental assessment stud-
ies, must follow the highest standards
and use the best available technolo-
gies. Such development could and
would turn Amazonas into a radi-
cally different human environment.
Make serious and ambitious long-
term plans and think from the end,
not the start. Just as building the
Transamazo6nica Highway was a
serious challenge, involved national
effort, and triggered a spirit compara-
ble to sending the first humans to the
Moon, similar effort and enthusiasm
is required to manage the transition
from current ways of non-sustainable

Natural system [(forest) Human system [conventional agriculture)
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High ecosystem and
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life in the Amazon basin to a benign
and yet beneficial for-the-people
lifestyle. Such transition cannot be
brought about overnight. Yet in the
next 30 years, significant steps can
be made that may halt the current
rate of deforestation and degradation
without forcing people away from the
basin. Obviously, this calls for a con-
certed action plan and full support by
the Federal Government and all its
ministries as well as all state govern-
ments involved with their authorities.
Such a master plan demands clear
priority setting and perseverance.
Appreciate local knowledge and
experience, plan with the people,
not above the people. They have to
(and want to) live there and bear the
consequences. Instead of any fur-
ther (half-hearted) top-down-only
attempt to mitigate deterioration of
the Amazon biome and to develop
sustainable adaptation to the envi-
ronment, we suggest an accompanied
bottom-up approach. People are sus-
picious of “politics” and politicians
and are unlikely to collaborate if
they feel that they are being forced
to change by government.

Existing, albeit relatively weak stake-
holders in the region, who are willing
and capable of becoming active play-
ers in reaching the prescribed aim,
should receive the capacity to work
on those changes that their specific
social and natural boundary condi-
tions permit. Many examples of local

Figure 6: Pathway to a more sustainable future of the human-nature interface in the Amazon basin.

community spirit exist, partly groups
of immigrants from the same area
or region (e.g., Northeasteners or
Southerners). There are established
bodies such as IDAM (Institute for
Sustainable Agriculture and Forestry
Development of the State of Ama-
zonas) under the wings of Embrapa
- and the highly respected Embrapa
itself. Both Embrapa and IDAM are
closely linked with local agricultur-
ists and farmers, a promising base for
developing platforms and movement
for successful change at that end.

Transform existing institutions
to provoke better collaboration,
to decrease futile activism and to
increase efficiency. Informal and
creative education tools, such as those
developed by FEAM (State Environ-
mental Foundation) in Minas Gerais
for village communities near mine
sites (Oberdd et al., 2011) can - if
done with engaged and well-trained
personnel - lead to rather rapid
behavioural change, provided that
realistic alternative options are being
offered. Stakeholders must develop
the necessary awareness and under-
standing for the issue. It is unrealis-
tic to assume that any such positive
change can take place without incen-
tives and significant governmental
investment. While this notion may
appear to contradict any bottom-up
approach, it does not: the allocation
of funding and infrastructure must
not equal dominance over decisions
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on how money is spent and which
kind of infrastructure is to be devel-
oped. It appears likely, however, that
an existing body (such as IPAAM,
Institute for Environmental Protec-
tion of Amazonas) or a newly cre-
ated authority is needed to coordi-
nate related efforts and to act as the
interface between government with
its authorities and the many local
activities. Concerted long-term
action demands concrete, concise
and creative yet realistic planning,
bolstering the public perception and
appreciation of milestone achieve-
ments (Schonenberg et al., 2015).

8. Make sure that all plans get scruti-
nised, and that independent capable
experts critically evaluate all steps
along the way. A coalition of state
authorities with NGO’s and citizen
committees has the potential to
trigger sustainable change, to entice
people to adapt and to progress
towards a much less detrimental
future for the Amazon basin. Sci-
ence cannot - and should not - drive
this process. Science can and should
monitor and analyse the changes,
both from the human perspective
(sociology, social psychology) and the
natural perspective (ecosystem recov-
ery and change). Do not worry about
necessary course corrections along
the way. People can - and should -
drive this process and be encouraged
and respected in their efforts. Amazo-
nians do have the chance to find ways
towards equilibrium between their
Amazon biome and its needs and
their own demands. Every success-
ful step in that direction will entice
others and make Amazonians proud
of their achievement - an important
driver of positive development. It
is not too late at all and the benefit
doubtlessly is extremely significant
capital for Brazilian’s future.

Conclusions

Persistence of any human system poses
major challenges to those who intend to
change that system - even if negative conse-
quences of a specific established system may
be apparent. This statement is likewise true
for “modern” land use management in the
inner humid tropics such as the Brazilian

Amazon biome. If conventional practices
reach their limits, then which sustainable
land-use alternatives could emerge? To
help elucidate that crucial question, we
aimed at improved understanding of both
the current chemical soil status and its gas
exchange characteristics in direct compari-
son between little or undisturbed forest land
as the natural land cover variant and various
types of post-forest land-use.

o The first hypothesis that “Amazon
soils are truly nutrient and carbon
depleted” was rejected. The soils are
not carbon (nor nitrogen depleted),
and the same holds true for Si, Cl,
Mn, Fe, and Mo. The other macro and
micronutrients are clearly depleted.
This can be explained through weath-
ering processes and solute export as
well as through fast recycling in the
short circle between soils, plants and
atmosphere.

o The second hypothesis that “Forest
soils are less depleted than post-forest
soils” was verified for a few elements
only, namely carbon, nitrogen, sul-
phur and chlorine. The other analytes
showed relative enrichment at least in
the TOP layer, likely reflecting a shift
in metabolic boundary conditions.

o The third hypothesis, “Gas exchange
distinctively differs between forest
and post-forest soils” was verified
and corresponds to both reduced
soil microbial activity as well as to
decreased water storage capacity in
post-forest soils. Forest soils are the
most vital ones.

o The fourth hypothesis that “Agrofor-
estry appears to be the best-adapted
type of post-forest land cover” was
verified. Pastureland is more damag-
ing than other types of post-forest
land cover.

« The fifth hypothesis “Sustainable
alternatives to current land-use prac-
tices in the Amazon basin biome are
possible” can be responded to on a
theoretical level only, since current
political and managerial land-use
practice does not allow for practical
evaluation.

« Sustainable management of the
Amazon biome requires integrated
analysis of the system as a socio-
ecological system. Coupling human
data (e.g., stakeholder sense of place)
with ecological data (e.g., carbon and
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nutrient cycling, hydrological pro-
cesses) can potentially isolate oppor-
tunities for restoration and building
stakeholder attachment to a high-
functioning ecosystem state.

Our data corroborate the many findings
that the vulnerability of the biome is very
high and critical large-scale forests need to
be preserved to ensure long-term prosper-
ity in the region. Science per se can deliver
evidence and make meaningful suggestions
to avoid or at least mitigate problems - it
cannot implement societal change. Here,
homo politicus is in demand to “make
things happen”.
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