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Abstract
The nutrient content of soils is considered a productivity key factor. Sediment input from Amazonian rivers is one of the natural sources of soil fertility for
�uvial islands and riverbank �ooded forests. Despite the importance of soil factors for ecosystems, few edaphic studies along riverine sediment-gradients
have been undertaken in tropical areas. The current study provides a step forward by describing soil nutrients in a mixed water (sediment-poor black water
with input of sediment-rich whitewater) �uvial archipelago. To investigate how geographic distance from a whitewater river mouth affects island soil
properties, soil chemical and physical attributes were determined at 61 sampling sites on 35 islands. The studied Central Amazon �uvial islands showed high
variability in our �uvisols soil properties. In general, the �uvial island soils were acid and with low fertility. Islands from Jaú and other sites closer to the
sediment source (the river Rio Branco) had higher soil fertility than islands of the Anavilhanas Archipelago, which are further away from the sediment source.
Our results show that sediment inputs from Amazonian rivers can play an important role in soil properties, and this research increases our understanding on
the origin and evolution of one of the largest freshwater archipelagos in the world. Given that soil fertility is often correlated with forest productivity, the main
results reported here may also help improve management plans and conservation policies for �uvial island environments of Central Amazonia.

Introduction
Sediment input from large Amazonian rivers is one natural source of fertility for �ooded forests growing on riverbanks (Junk et al. 2011). Such environments
are subject to annual pulses of inundation (Montero and Latrubesse 2013). The volume of organic ions and sediments received vary with location, so that
�ooded forests periodically inundated by sediment-rich whitewater (várzeas) grow on fertile soils, while those inundated by sediment-poor black and
clearwater rivers (igapós) have poorer soils (Prance 1979; Junk et al. 2011; Goulding et al. 2003). Although very useful, such categorical classi�cation of water
types simpli�es a natural continuum. For example, the Rio Branco has an intermediate amount of organic ions, greater than that present in Guiana Shied-
derived black water rivers, such as the Rio Negro, but less than those found in rivers of Andean origin such as Madeira and Solimões (Goulding et al. 2003).
The Rio Branco is unusual because it is a sediment-rich whitewater river, while all neighboring rivers are sediment-poor (black-water) (Leenheer and Santos
1980). This spatial con�guration may directly affect the Anavilhanas archipelago, a system of �uvial islands within the nutrient-poor Rio Negro domain that
are hydro-chemically in�uenced by the more nutrient rich Rio Branco (Marinho et al. 2020).

Fluvial islands are productive ecosystems that play an important role in biogeochemical cycles and geomorphological processes (Kalliola et al. 1991;
Osterkamp et al. 1998; Abril et al. 2013). In Amazonia, �uvial island systems, together with �ooded forests, represent 30% of Amazon Basin forest types (Junk
2013). As a result of differences in sediment loading by their inundating rivers (Marinho et al. 2020), the input of sediments from Amazonian rivers acts in
synchrony with annual phenological patterning of leaf and fruit production (Montero et al. 2014), which are responsible for seasonal lateral movements of
vertebrates between �ooded and non-�ooded environments (Buendía et al. 2018).

The nutrient content of a soil is strongly linked to productivity (Quesada et al. 2012; Grau et al. 2017). A global meta-analysis found that higher productivity
can be a good predictor of species diversity of several invertebrate, vertebrate and plant groups (Mittelbach et al. 2001). For instance, plants growing on more
fertile soils that provide more favorable conditions for establishment and growth (Malhi et al. 2004), can invest more carbon in reproduction (i.e. �owers and
fruits), than in secondary compounds or nutrient acquisition via root production and exudation (Vitousek 1984; Coley et al. 1985; Quesada et al. 2010;
Quesada et al. 2011). Despite the importance of soil factors for several groups of plants and animals, few edaphic studies have been undertaken in �ooded
environments, particularly in Amazonia (Furch and Junk 1997; Piedade et al. 2005; Targhetta et al. 2015).

Amazonian archipelagos have been, and continue to be, threatened by anthropogenic disturbances (Macedo and Castello 2017; Flores et al. 2017). In the
Anavilhanas archipelago, for example, hunting and logging is rapidly changing the landscape of islands (Souza Filho et al. 2006; Scabin et al. 2012). This is
especially relevant since the increase of extreme climate events associated with the frequency and volume of precipitation is predicted to affect the �ooding
pulse in the Amazon and the contribution of sediments of Amazon rivers (Filizola et al. 2011; Marengo and Espinoza 2016). Knowledge of soil fertility and
properties can be of great importance to supply information about soil management and the functioning of �uvial ecosystem to safeguard against ongoing
anthropogenic disturbances.

The aim of the current study was to provide information on how sediment inputs from a sediment-rich whitewater river can affect soil fertility on downstream
�uvial islands located in a sediment-poor black water system. The hypothesis is that soil nutrients will decrease accordingly with increasing distance
downstream from the Rio Branco (which acts as a sediment source).

Methods

Study area
The study was carried out within two protected areas and surrounding sites on the Rio Negro, central Amazonian, Brazil ─ Anavilhanas National Park (farther
from the Rio Branco) and Jaú National Park and other sites in the proximities of the Jaú National Park (Fig. 1). Both conservation units are located within the
lower Rio Negro basin.

Natural �uvial islands can be either terrestrial or aquatic environments, depending on the season of the year (Junk et al. 2011). The annual �ood pulse (the
inundation of the �oodplain and its subsequent dry phase) is seasonal and gradual (Junk et al. 1989). During peak water levels, �uvial islands and river
margin forests are �ooded, often to depths of up to 15 meters, for more than seven months per year (Irion et al. 1997). During the high water-level phase, most
�uvial islands are completely inundated, so temporarily transforming terrestrial environments into aquatic ones (Montero and Latrubesse 2013). At both
Anavilhanas and Jaú, the water is at the lowest level between October and November, and at the maximum level between June and July (Montero and
Latrubesse 2013).
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Sampling design
We �rstly established a 2 by 2 km virtual sampling grid in the entire study area, and then placed sampling stations as close as logistically possible to the grid
intercept points. For this, satellite images from Google Earth GeoEye were used, with decisive criteria based on river water color. Therefore, our sampling effort
was concentrated on islands on the left side of Rio Negro. This design covered the majority of the �uvial islands within Jaú and Anavilhanas National Parks,
resulting in 61 sampling sites: 27 sites occurred on islands in Jaú National Park and other sites in the proximity of Jaú National Park, while 34 sites were
placed on islands further from the Rio Branco in the Anavilhanas National Park. At each site, a 0.1 ha plot (10 x 100 m) was established. The maximum
above-water area of the islands sampled ranged from 50 to 11.000 hectares (mean ± SD = 2.406 ha ± 2.766; Median = 962; Max = 11.064), where almost 80%
of the sites were placed on islands smaller than 2.000 hectares based on satellite images.

Soil sampling and analysis
Soil samples were collected at each sampling site, with a minimum distance of 10 m between samples. After leaf litter removal, soil was collected to a depth
of 20 cm using a Dutch auger. All samples within a plot were then combined in order to obtain one pooled sample per site. Soil sampling was conducted
during the dry season of 2017. For each pooled soil sample, inorganic nitrogen - ammonium (NH4

+) and nitrate (NO3
−) were then prevented from volatizating

by storing �eld samples individually in a styrofoam box, and then transferring them to the ICMBio base freezer at Novo Airão. Chemical analyses were carried
out at the Thematic Laboratory of Soils and Plants at the National Institute of Amazonian Research (INPA, Manaus), with soils frozen upon arrival in the
laboratory to avoid volatization after travelling from the base freezer.

The following soil characteristics were obtained: 1) pH, determined using 10 grams of �ne soil in 25 milliliters H2O for 1 minute, with a mechanical stirrer; 2)
concentrations of Na, K, Ca, Mg, Al, all determined with the Silver-Thiourea (Ag-TU, as described in Quesada et al. 2010); 3) Sum of bases was considered as
the sum of concentrations of Na (sodium), K (potassium), Ca (calcium) and Mg (magnesium) (Pleysier and Juo 1980), while cation exchange capacity was
calculated from the equation: Cation Exchange Capacity = (Sum of Bases + Aluminium) (Pleysier and Juo, 1980). For this, cationic extraction was made in a
0.01M Ag-TU solution, stirred together with the sample for 4 h, (Anderson and Ingram 1989); 4) To estimate total phosphorus and total cations, soil samples
were digested using sulfuric acid and hydrogen peroxide, with 0.25 g of soil added to 5 ml of distilled water and left to settle overnight. The following day, 5 ml
of H2SO4 was added and sample heated until a temperature of 360 ºC was reached, where after cool, 0.5 ml of hydrogen peroxide (H2O2) was added with this
process was repeated 10 times. Total phosphorus reading was obtained by colorimetry in a Shimadzu Spectrophotometer, while total cations were read with
atomic absorption via Flame Atomic Absorption Spectrometry (AAS) (Murphy and Riley 1962). Available organic (Po) and Inorganic phosphorus (Pi) were
extracted with NaHCO3 (Sodium Bicarbonate) (Olsen 1954). 5) Preparation of extracts for inorganic nitrogen analysis used 20 grams of soil and 40
millimeters of potassium sulfate (K2SO4) at 0.5 molar in falcon tubes for 15 minutes with centrifugation at 200 rpm. Extracts were then decanted for 30
minutes and �ltered and frozen for further analysis of N-inorganic contents. Ammonium and nitrate were determined by colorimetry, using a Shimadzu
Spectrophotometer (UV mini 1240). Samples destined for N analysis were not oven-dried. For all other soil analyses, each soil sample was oven dried at 65 ºC,
and particles smaller than 2 mm removed with a soil sieve of 0.05 (Anderson and Ingram 1989); and 6) Soil particle size was estimated by the pipette method,
using 10 g of �ne soil pre-treated with physical and chemical dispersants. Then, silt percentage was separated according to their grain size, which was
calculated from the difference between the total weight of sand and clay (Gee and Bauder 1986). For more details about soil attributes, see Online Resource 1.

Data analysis
The center of the closest sampled island to the Rio Branco mouth (S 01.36634º, W 061.79113º) was used to measure the distance to all other sampling sites.
We used a Principal Component Analysis (PCA) to accommodate correlated soil variables and reduce data dimensionality in order to test if the soils of
Anavilhanas were different from soils of Jaú and the other sites. We also created additional models for other soil variables in order to investigate the
relationship between geographic distance and soil chemical and physical variables. To test the hypothesis that soil fertility is affected by geographic distance
from the Rio Branco, we used a regression model, with cartographic linear distance to the Rio Branco as the predictor, and PC1 as the response variable. We
checked that residual plots met model assumptions visually. To standardize the data and build the PCA, we used the vegan package (Oksanen 2013). All
statistical analyzes were performed in R version 3.3.1 (R Core Team 2019).

Results
At regional scale, a diverse range of soil properties was found. In terms of soil particle size, Anavilhanas soils showed less variation than sites closer to the Rio
Branco, and could generally be classi�ed as clay loam (average 40 ± 6.1; 36 ± 7.8 and 23 ± 13.1, for silt, clay and sand respectively). On the other hand, soils
from islands closer to the Rio Branco were classi�ed as silty clay loam (average 46 ± 8.9; 36 ± 9.1 and 18 ± 14, for silt, clay and sand respectively). In general,
the percentage of silt was higher in sites closer to the Rio Branco, but there was no statistical difference between percentage of clay and sand along the soil
gradient (p < 0.05). The aluminum concentration decreases in richer soils ranging from 0.1 to 0.7 mean [SD] = 0.4 [0.2]. The distribution of exchangeable base
cations and aluminium across the basin can be associated with the range of variation in soil pH, ranging from 4.4 to 5.4 mean [SD] = 4.9 [0.23] (p = 0.002).
The highest pH values (> 5.0) occurred in richer soils, whereas the lowest (< 4.5) occurred in a site further from the Rio Branco (Table 1).
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Table 1
Relationships between the geographic distance from the Rio Branco and soil chemical and physical variables. Average values, standard deviation and range o

soil factors for Anavilhanas sites, Jaú and surrounding areas sites and all sites combined.

  Anavilhanas Jaú Ana & Jaú All sites

Edaphic
variables

Average Standard
deviation

Max Min Average Standard
deviation

Max Min Pr(>|t|) R2 Average Standard
deviation

M

ph[H2O] 5.0 0.2 5.5 4.5 4.8 0.2 5.2 4.4 0.002279 0.1 4.9 0.2 5

Na[cmolc/kg] 0.07 0.02 0.3 0.1 0.1 0.03 0.2 0.09 0.00000000721 0.48 0.1 0.04 0

K[cmolc/kg] 0.02 0.001 0.05 0.01 0.03 0.01 0.1 0.01 0.0000003758 0.13 0.027 0.01 0

Ca[cmolc/kg] 0.3 0.3 1.1 0.04 0.1 0.1 0.6 0.04 0.05819 0.24 0.2 0.21 1

Mg[cmolc/kg] 0.5 0.2 1.0 0.1 0.3 0.1 0.6 0.14 0.00000874 0.28 0.4 0.2 1

Al[cmolc/kg] 0.4 0.2 0.7 0.1 0.3 0.2 0.7 0.14 0.105 0.04 0.4 0.2 0

Porg[mg/kg] 43.5 14.8 86.3 24.8 16.3 9.0 52.0 5.8 0.00000002808 0.53 28.3 18.0 8

Pinor[mg/kg] 30.3 12.8 62.2 12.7 13.4 10.1 48.4 4.7 0.0000000568 0.39 20.9 14.1 6

Nitr[ug/g] 3.4 2.7 11.2 0.5 1.4 0.8 3.6 0.1 0.0000702 0.23 2.3 2.1 1

Amo[ug/g] 60.1 24.3 144.6 36.7 28.1 9.0 50.4 14.9 0.000000555 0.34 42.3 23.6 1

Ninor[ug/g] 63.5 24.2 147.1 39.2 29.6 9.0 52.1 16.2 0.000000117 0.38 44.6 24.3 1

SB[cmolc/kg] 1.0 0.5 2.3 0.3 0.5 0.2 1.3 0.2 0.0000000101 0.31 0.7 0.5 2

CEC[cmolc/kg] 1.4 0.4 2.3 0.6 0.8 0.3 1.5 0.3 0.00922 0.42 1.1 0.5 2

Ptot[mg/kg] 350.4 97.4 549.8 142.5 222.3 68.7 502.8 125.2 0.003357 0.43 279.0 104.3 5

Clay[%] 35.6 9.1 57.0 14.0 36.4 7.9 50.0 19.0 0.767 0.001 36.1 8.5 5

Silt[%] 46.3 8.8 61.0 28.0 40.4 6.2 51.0 23.0 0.112 0.01 43.0 8.0 6

Sand[%] 18.2 15.0 59.0 1.0 23.3 13.0 58.0 5.0 0.00108 0.04 21.0 14.2 5

Individual maps for the two important indicators of soil properties (sum of bases and total phosphorus) showed a similar pattern (Fig. 2). For sum of bases
(mean [SD] = 0.7[0.5], range = 0.2–2.3), more than a third of the sites ranged between 0.391–0.650 cmolc/kg and about a �fth of the sites had more than 1
cmolc/Kg. For total phosphorus (mean [SD] = 279 [104.3], range = 125.2–549.8), almost half of the sites had less than 250 mg/kg. However, a third of the sites
had more than 300 mg/Kg. For organic phosphorus (mean [SD] = 28.3[18.0], range = 5.8–86.3), more than half of the sites had less than 30 mg/kg, while less
than a quarter had more than 40 mg/kg, while for inorganic phosphorus (mean [SD] = 20.9[14.1], range = 4.7–62.2) more than half of the sites had less than
20 mg/kg, while a third had more than 25 mg/kg. A consistent trend was found across the soil gradient which reveals that sum of bases and total phosphorus
can vary on average more than �ve or six times, respectively, with the lowest values generally found in sites further from the Rio Branco (Fig. 2). Finally, for
nitrate (mean [SD] = 2.3[2.1], range = 0.1–11.2), only a sixth of the sites had more than 5 ug/g, while for ammonium (mean [SD] = 42.3[23.6], range = 14.9–
144.6), a quarter of the sites had more than 50 ug/g and for inorganic nitrogen (mean [SD] = 44.6[24.3], range = 16.2–147.1), a sixth of the sites had more than
60 ug/g. The proportion between nitrate and ammonium decreases from 0.056ug/g in Anavilhanas sites to 0.049ug/g in Jaú sites and surrounding areas
closer to the Branco River.

As expected, the distance to Rio Branco (lm) was a strong driver for island soil fertility (mean [SD] = 112 [60], range = 5–195, p < 0.05; R2 = 0.57) (Fig. 3).The
distance to the Rio Branco explains over 30% of the variation in the availability of SB, ECEC, Na, Po, Pi, PT, and inorganic N, on the �uvial islands.

The �rst principal component explained ≅ 55% and the second component explained ≅ 14% of the total variance in soil properties of the �uvial islands
(Fig. 4). Jaú sites had more variability (mean [SD] = 4.81 [5.44] – range 0.34 to 19.1), while sites from Anavilhanas varied between 0.1 to 10.21(mean [SD] = 
5.005 [2.46] in the �rst principal component. Mobile rock derived elements were the soil factors that correlated the strongest with the �rst principal component
(PC1), with their in�uence on the PCA loadings declining in the order SB > ECEC > Mg > Ca > Na > PT. Aluminum was the dominant cation in the studied sites
with magnesium being the second and calcium the third. Non-mobile total phosphorus and available organic P also followed mobile cations (Online Resource
2), which together with the silt of the islands could suggest the recent entry of elements in the islands closer to Rio Branco and the high weathering of other
islands in Anavilhanas. Therefore, mobile elements account for most of the variation in island soil properties.

Discussion
There was large variation in soil fertility and physical properties observed along the �uvial islands investigated. However, the distance from the mouth of the
Rio Branco was an important predictor of the amount of nutrients and the soil structure of the �uvial islands. Due to differences in temperature, pH and
quantity of suspended sediments, the Rio Branco sediment-rich white water is not rapidly mixed in Rio Negro sediment-poor black water, resulting in a “plume”
effect of the discharge of the white water over the Rio Negro (Simon et al. 2019). As the Rio Negro is a wide and a relatively slow river, the suspended nutrients
are gradually deposited on the �uvial islands (Latrubesse and Stevaux 2015). Thus, islands closer to the mouth of the Rio Branco, have soils that are richer in
nutrients, while islands further away from the mouth of the Rio Branco, have in average poorer soils.
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In general, with increasing distance to the Rio Branco, island soils became less silty and contained less nutrients. Overall, soil nutrients such as sum of bases
was highly variable along our sampled islands (ranging from 0.18 to 2.34 cmolc/kg), but in general soil nutrients (mean = 0.73 cmolc/kg) were lower
compared to terra-�rme forest soils in the Central Amazon basin standards (Quesada et al. 2012), and more fertile compared to typical igapó soils from
Uatumã Reserve (Targhetta et al. 2015).

The variation in soil fertility is usually related to suspended sediments, but can also be associated with island age and elevation (Radambrasil 1978). Natural
islands of Anavilhanas are systems that vary greatly in age, as these features have been forming over hundreds or even thousands of years (≅ 150–22.000),
and their soils are still evolving (Cunha and Sawakushi 2017). Nutrient levels and soil physical conditions are inter-related; because both are affected by
pedogenetic development and geology, but soils with older pedogenetic development are often less fertile (Quesada et al. 2010). The richer soil sites, above
the area corresponding to the Jaú National Park had the largest variation in soil attributes. These sites are located in a different geomorphological region than
Anavilhanas. While the Jaú National Park area has huge, muddy islands, the Anavilhanas area contains more compact and wider islands (Latrubesse and
Stevaux 2015).

The high acidity recorded is a common feature in �ooded environments (Barrios and Herrera 1994; Barbosa et al. 2019). Soil nutrient concentrations can be
also directly related to low pH (Schroth et al. 2003; Hillel 2003), which negatively contributes to the availability of effective cation exchange capacity (ECEC).
Because these soil factors occupy the colloid exchange sites in the soil, there is a preferential exclusion of cations (Ca, K, Na and Mg) (Hillel 2003; Aprile and
Lorandi 2012). The proportion between exchangeable bases and exchangeable aluminium in a soil depends on the quality of parent material and its mineral
assemblage (Quesada et al. 2010). Here, the aluminium is the main nutrient that is varying, which is likely due to that aluminum is one of the nutrients that
remain as a product of weathering (as a sesquioxides) and it can also supply notably to soil effective cation exchange capacity (IE) when the weathering of
aluminium interlayered minerals is taking place (Thomas 1974). As surface charge density decreases, soils experience base cation leaching, and subsequently
aluminium liberations from 1:1 minerals begin to control, with the hydrolysis of aluminium following a release of H + to soil solution, which can lower the pH
(Uehara and Gillman 1981).

Because of the annual �ood pulse which causes trees to be under water for several months, �uvial island soils also display a scarcity of other nutrients such
as nitrogen. However, nodulations in stems and adventitious roots have been recorded in several Amazonian �ooded forest species (Parolin et al. 2004), which
suggests the presence of nitrogen-�xing adaptations to overcome the scarcity of this nutrient in such habitats. Nutrient export to the �oodplain is counteracted
by aquatic macrophytes, and subsequently the process of decomposition of these plants during the terrestrial phase releases nutrients into the soil (Furch and
Junk 1997). Species capacities to obtain nutrients, and their differential tolerance to �ooding and soil acidity, can in�uence competitive ability and so
determine the patterns of successful plant establishment in �uvial islands ecosystems (Piedade et al. 2005; Parolin and Wittmann 2010).

Edaphic variation is strongly related to the local geological matrix, its age of sedimentation and distance to the source of suspended sediments that originate
the islands, highlighting the in�uence of the Rio Branco on soil nutrient availability. Most nutrients used here can be recommended for researchers to make
quick assessments of the relationship between soil fertility and species composition of animals and plants. The results of this study can be used as a
baseline to assess relationships involving edaphic factors and sediment inputs from Amazonian rivers, and their relationship with plant and animal species
composition and turnover along a soil gradient.
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Figures

Figure 1
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Map of �uvial island study sites. White dots indicate sites closer to the Rio Branco, black ones indicate more distant sites, where the soil chemical and
physical attributes were collected.

Figure 2

Distribution of soil properties across an Amazonian archipelago. A) Sum of bases; B) total phosphorus. Size of points represent soil concentration.

Figure 3

Relationship between the geographic distance from the Rio Branco and soil chemical and physical variables.
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Figure 4

PCA of soil nutrients of Anavilhanas and Jaú �uvial islands. The Ellipses assume a multivariate normal distribution with the con�dence interval of 95%,
representing the Euclidean distance from the center group. Ellipses show clustering of the samples according to the river type.
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