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Abstract: Soils from humid forests undergo spatial and temporal variations in moisture and oxygen
(Oy) in response to rainfall, and induce changes in iron (Fe) and carbon (C) biogeochemistry.
We hypothesized that high rainfall periods stimulate Fe and C cycling, with the greatest effects
in areas of high soil moisture. To test this, we measured Fe and C cycling across three catenas at
valley, slope, and ridge positions every two days for a two-month period in a rainforest in Puerto Rico.
Over 12 days without rain, soil moisture, Fell, rapidly reducible Fe oxides (Fe'zr), and dissolved
organic C (DOC) declined, but Eh and O; increased; conversely, during a 10-day period of intense
rain (290 mm), we observed the opposite trends. Mixed-effects models suggest precipitation predicted
soil moisture, soil redox potential (Eh), and O,, which in turn influenced Fe reduction/oxidation, C
dissolution, and mineralization processes. The approximate turnover time for HCl-extractable Fe!l
was four days for both production and consumption, and may be driven by fluctuations in Fe'llgg,
which ranged from 42% to 100% of citrate—ascorbate-extractable Felll (short-range order (SRO)-Felll) at
a given site. Our results demonstrated that periods of high precipitation (hot moments) influenced Fe
and C-cycling within day-to-week timescales, and were more pronounced in humid valleys (hot spots).

Keywords: iron reduction; dissolved organic carbon; soil moisture; redox processes

1. Introduction

Rainfall infiltrates into the soil, changing soil moisture and oxygen (O;) concentrations, and
substantially modifying the soil biogeochemical processes that govern carbon (C) and iron (Fe) cycling.
These processes have important implications for land management and the soil’s response to a
changing climate [1-4]. In humid tropical regions, rainfall can be very high, with annual averages
ranging from 3 m to 10 m (e.g., the Caribbean and Amazon forests) [5-7]. High rainfall accelerates soil
genesis by rapidly removing reaction products and maintaining a moist environment for microbial
activity, which ultimately results in the accumulation of Fe and Al oxides at the expense of other
minerals [8,9]. Rainfall patterns directly influence soil moisture content [10], which can govern C and
nutrient biogeochemical cycling and mineral-organic associations and, together with pH, modulate
the net primary productivity (NPP) of ecosystems [1].

Variations in soil moisture can lead to changes in O, concentrations across the landscape [11],
influencing elements sensitive to reduction/oxidation (i.e., redox) reactions, such as nitrogen,
manganese, iron, sulfur, and carbon [12,13]. Iron oxyhydroxides are particularly important in soils
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from humid tropical regions, as Fe often becomes the most utilized terminal electron acceptor when
O, is depleted, and the reductive dissolution of Fe minerals can release sorbed nutrients and C [14-16].
With enough labile C and active microorganisms, fluctuating soil moisture and O, can generate pockets
of anoxic conditions, even in well-drained upland soils, creating “slope wetlands” [17]. Changes in soil
redox status can stimulate Fe cycling by repeatedly forming low-crystallinity or short-range order (SRO)
Felll phases, some of which—below referred to as Felll
during anaerobic conditions [18]. Other portions of the SRO Fe!l pool, along with more crystalline Fe
phases, such as hematite or well-crystalline goethite, supply electron-accepting capacity over longer

timescales [19,20]. Thus, assessing shifts in the pools of reduced (Fe'') and rapidly-reducible (Fel''gR)

rr—are rapidly reducible by microorganisms
11

iron phases are important for predicting soil biogeochemical processes that intersect with Fe cycling.

Soils experiencing spatial and temporal variation in moisture and O, content may exhibit different
rates of Fe reduction, and thus the dissolution of solid-phase C. Carbon is often bound to Fe phases and
can be released as dissolved organic carbon (DOC), which then may stimulate microbial respiration
and emissions of CO, and CHy4 [21-26]. In addition, during the oxidation of Fe2+(aq), Fenton reactions
can produce OH radicals and drive additional DOC loss or CO, production [27-29]. The oxidation

of Fell can also facilitate the formation of Felll

phases that can co-precipitate with DOC or serve as
sorbents for DOC [30]. Soil organic matter is often associated with Fe minerals in humid tropical
ecosystems [31-34], and these mineral-organic associations can account for up to 80% of the total C
stocks in mineral soils with low particulate organic matter [35].

Much of our understanding of the coupling of Fe—C biogeochemical processes derives from
laboratory incubation studies; in contrast, detailed field measurements of short-term (days—weeks)
shifts in Fe dynamics are lacking. The rapid fluctuations in soil moisture and O, content [36] can
create hot moments of anoxic soil microsites that facilitate Fe reduction and C decomposition [37].
However, the repeated soil sampling that is necessary to identify this phenomenon in the field is
rarely conducted. Spatially, topographic positions (i.e., ridges, slopes, and valleys) often exhibit
distinct hydrological and geomorphological characteristics that respond differently to water drainage
or accumulation [38], leading to distinct hot spots throughout the landscape. For example, soils from
the Luquillo Experimental Forest (LEF) in Puerto Rico exhibited Fe!! concentrations varying from
22 mmol to 212 mmol of Fe!! per kg of dry soil over different landscape positions and along an elevation
gradient [35]. Thus, redox processes likely proliferate in hot spots, and at specific hot moments across
the landscape where and when biogeochemical reaction rates are more rapid [39-41].

We aimed to capture hot moments (of hours to days) of Fe reduction associated with C
decomposition and redox processes across different topographic positions (ridge, slopes, valleys)
that could serve as hot spots in the landscape. We hypothesized the following. (1) Rainfall events will
alter soil moisture and O, within hours to days, increasing Fe reduction rates, organic C mineralization,
and DOC release, with rapid changes in redox potential (constituting hot moments). (2) These hot
moments will occur more rapidly and persist longer in valley topographic positions (hot spots) and will
lead to greater rates of Fe redox transformations associated with C cycling. We also sought to assess
the HCl-extractable Fel' turnover times in these humid tropical forest soils. To test these hypotheses,
we collected triplicated soil samples over a two-month period from three topographic positions (valley,
slope, and ridge) every two to three days from three replicated catenas in a montane forest in Puerto
Rico (USA). Measurements included bulk soil extractions of Fell, DOC, pH, gravimetric water content,
and soil incubations to measure the potential for Fe reduction and the availability of rapidly reducible
Fe!l oxides. In addition, we monitored soil redox potential (Eh), soil O, volumetric water content, and
CO, and CHy fluxes. Relationships among these measurements were then analyzed using multivariate
statistical techniques (repeated measures).
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2. Materials and Methods

2.1. Site Description, Experimental Design, and Soil Sampling Procedure

We sampled soils from three topographic positions (ridge, slope, and valley) across three replicated
catenas (Figure S1) from May to June of 2016 near the El Verde Field Station (University of Puerto
Rico, Rio Piedras) (Figure S2) in the Luquillo Experimental Forest (LEF). The studied sites are in the
Espiritu Santo watershed, part of the NSF-sponsored Luquillo Critical Zone Observatory (LCZO) and
Long-Term Ecological Research (LTER) programs. The parent material is predominantly volcanoclastic
rocks derived from Cretaceous andesitic magma [42,43]. Mean annual precipitation is ~3500 mm y !
varying from 2600 y~! to 5800 mm y !, and characterized by low seasonality, but including extreme
rainfall events (as high as 100 mm d~!) associated with Caribbean storm systems [44]. The dominant
tree species in this part of the LEF is the Tabonuco (Dacryodes excelsa).

The catenas form steep and convex—concave hillslopes draining to ephemeral streams that are
characterized by heterogeneous soil distribution and microsites across ridges, slopes, and valleys [45].
Catena-1 is relatively small, with about 5 m of vertical rise, a steep slope, a gentle ridge, and valley
usually characterized by high soil moisture—Global Positioning System (GPS) coordinates in Table S1).
Catena-2 is in another hillslope, about 80 m apart from Catena-1, with 20 m of vertical rise, containing
a spine ridge, a steep and long slope, and a valley that is occasionally flooded with water. Catena-3 is
downstream of Catena-1, in the same hillslope, with a vertical rise of 10 m, a steep slope, a gentle ridge,
and thus similar to Catena-1 except that the valley in Catena-3 is not as saturated as Catena-1. Catena-1
was previously studied by O’Connell, Ruan and Silver [36] and Catena-3 was studied by Almaraz [46].
The hillslope hydrology is characterized by valleys constantly receiving water and sediments from
upper slope and ridge positions via runoff or lateral movement of water within the soil. Typically, the
soils in the Tabonuco forest are Ultisols (Typic Haplohumults) in stable ridges, Oxisols (Inceptic and
Aquic Hapludox) in the slopes, and predominately Inceptisols (Typic Eutrudepts) in the valleys [35].

We studied a total of nine sites, with three located on ridges, slopes, and in valleys, respectively.
For each sampling site, we allocated three replicate plots of 1.5 m x 1.5 m for soil sampling (Figure S1).
Triplicate composite soil samples from each site were taken within plots for chemical characterization.
We sampled soils from the top 15 cm, using a 1-cm diameter soil probe, and each soil sample was
taken at least 20 cm apart from the previous sampling spots (Figure S1). Soil samples were placed
in polypropylene bags within a cooler, and analysis (described below) began at the El Verde Field
Station within 20 min of sampling. Samples were taken every two to three days, except when a
lack of power in the field station prevented sample processing (for example, from 6 May 2016 to 14
May 2016). We collected soil samples a total of 17 times during the experimental time span of 44 d.
The rainfall dataset was acquired from the rainfall gauge collected daily at the El Verde Field Station,
which is available on the website of the Luquillo Long-Term Ecological Research Program (https:
/ /lug.lter.network/data). Collection procedures are described in McDowell and Estrada-Pinto [47].

2.2. Soil Biogeochemical Characterization and Extractions (Measurements within Days)

We conducted a series of bulk biogeochemical characterization tests from the triplicated samples
including: measurements of HCl-extractable ferrous iron (Fe'l), water-extractable dissolved organic
carbon (DOC), pH, and gravimetric water content (6¢); an assessment of rapidly-reducible Fe oxides
(abbreviated as Felllgg); and on select random samples from the archive, we made general soil
characterizations (including Fe and C pools, and soil texture).

Ferrous iron (Fe') was determined by extraction with 0.5 M of HCl at a 1:10 soil:solution ratio
(50 mg of soil), by shaking for two hours (horizontal shaker), and centrifuging for 10 min at 11,000
Relative Centrifugal Force (RCF) [48]. The supernatant was taken, and Fe!! was analyzed by the
colorimetric ferrozine method, according to Barcellos, et al. [49] and Thompson, et al. [50] with the
562-nm and 500-nm intensities measured in 96-well microplates [51] using a portable Tecan Infinite
F50 plate reader.
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Water-extractable dissolved organic carbon (DOC) was obtained by extraction at 1:5 soil:deionized
(DI) water ratio (2 g of soil) and shaking for 1 h in a horizontal shaker at room temperature [52-54].
The suspension was centrifuged for 15 min at 4600 RCE, and the supernatant was filtrated with 0.70-pm
glass fiber filters [55]. Filtered supernatants were immediately frozen at —20 °C and then shipped to the
University of Georgia at the end of the field session and analyzed on a Shimadzu 5050 TOC analyzer.

Soil pH was measured in 1:1 soil:DI-water ratio (5 g of soil) using an Orion Ross sure-flow pH
electrode. Gravimetric water content (6;) was determined by oven-drying soils for >24 h and reporting
the as dry-weight basis. Composite samples selected from random days of sampling (over 10 samples)
were pooled (100 g of soil) and analyzed in triplicate for the following: total elemental analysis by
lithium borate fusion prior to acid dissolution followed by ICP-MS analysis, short-range order (SRO)
Fe by 0.2 M of sodium citrate/0.05 M of ascorbic acid extraction followed by ICP-MS analysis, total
carbon and nitrogen measured in a CHN Carlo Erba Elemental Analyzer, and soil texture determined
by a Beckman Coulter LS 13 320 Laser diffraction Particle Size Analyzer [56]. Soils were not sampled
for catena-3 on 13 June 2016. We additionally archived soil samples from each sampling time-point
and site, and stored ~15 g soil (frozen at —20 °C) for future analysis.

Rapidly-Reducible Fe Oxides (Fe'l'gr) Microbial Bioreduction Assay

We quantified the amount of rapidly-reducible ferric iron (Fe''gr) using microbial bioreduction

assays adapted from Ginn, Meile, Wilmoth, Tang and Thompson [18] to work at the field station using
the field-moist fresh soils. Microbial bioreduction assays have been used in other studies to assess
the soil’s potential for Fe reduction [18,57-59]. We conducted two different assays. In the first, a
Shewanella oneidensis MR-1 culture along with a growth medium [18] (see below) was added to the
soil (abbreviated as Shewa-Felllzr), while in the second, the native soil was incubated with growth
media only (abbreviated as Media-Fe!! 11l
reduction by the indigenous microbial communities when appropriate nutrients and C were provided,
while the addition of the Fe-reducer Shewanella sp. aimed at overcoming microbial limitations.

For the Shewa-Felllgg treatment, Shewanella oneidensis MR-1 was grown to the late exponential
and early stationary phase in a selective media containing 0.5 g L of KH,POy, 1.0 g L~! of NaSOy,
20g L~ ! of NH4C], 1.0 g L !of yeast extract, 0.5 mM of CaCl,, 0.1 mM of MgSO,, 10 mM of Na-lactate,
and 50 mM of Fe-citrate (adapted from Ginn, Meile, Wilmoth, Tang and Thompson [18]). Cell densities
were obtained by optical density measurements at a wavelength of 660 nm that had been previously
calibrated by a direct count of cells using epifluorescence microscopy to reach a population density
of over 108 CFU mL~! [58]. After S. oneidensis growth, we conducted a washing procedure twice, by
first centrifuging the cells at 3000 RCF for 30 min, discarding the supernatant, and adding a new fresh
selective media with the same composition as above, but without yeast extract or Fe-citrate, and then
re-doing the centrifugation procedure and disposing the supernatant [18]. In sequence, we added
the fresh collected soil with the washed bacterial culture suspended in new fresh selective media

RR)- This assessed the availability of the soil Fe™* phases for Fe

(same composition, without yeast extract or Fe-citrate), at a ratio of 1:10 soil:media, in a gas tight tube.
In parallel, for the Media-Felllzr treatment, we added the fresh soil to the fresh selective media above
(without yeast extract or Fe-citrate) and with no S. oneidensis, and placed them in similar gas tight tubes,
at a ratio of 1:10 soil:media. For both Shewa-Felllxz and Media-Felllgr, we flushed the tube headspace
with inert N; gas to create anoxic conditions and placed it on an end-over-end shaker for 7 d in the
dark. After 7 d of incubation, we pipetted 0.5 mL of either Shewa-Felllxr or Media-Felll
treatments, centrifuged at 11,000 RCF for 30 min, removed the supernatant, and then revolved and
extracted the pellet with 0.5 M of HCl for 2 h to obtain Fel! concentrations using the ferrozine protocol
described above. Results were expressed in mmol Fe kg~! d~! (iron reduction rates), on a dry soil
mass basis by calculating the difference in Fe!! concentrations between day 0 and 7 of the incubation.

RR suspension
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2.3. Soil Sensors and Data Collection (Measurements within Hours)

For each site within each of the three catenas, we deployed four platinum electrodes (Paleo Terra
Inc., Amsterdam, The Netherlands) adjacent to the plots (Figure S1) measuring the redox potential
(Eh) every minute and storing the data every hour via CR23X Campbell data loggers. Measurements
of Eh recorded the voltage difference between the reference electrode and a redox electrode (Pt sensor).
The Pt sensor was placed for Eh readings at 7.5 cm depth from the soil surface. Eh values (normalized
to pH 7, Ehy) serve as a proxy for four major redox conditions in soils: Eh; values over +400 mV
indicate oxidizing conditions (aerated soils), Eh; values between +100—400 mV indicate moderately
reducing conditions, Eh; values between —100 and +100 mV indicate reducing conditions, and Eh;
values below —100 mV indicate highly reducing (anoxic) conditions [60-62]. Ehy values around
+300 mV can be considered the boundary between aerobic and anaerobic conditions [63].

At catena-1 only, volumetric water content (0y), soil oxygen content (O;), and fluxes of CO,
and CHy—denoted F(CO,) and F(CHy)—were measured near the ridge, slope, and valley sampling
plots [36]. Time-domain reflectometry (TDR) probes were used to track volumetric water content,
and galvanic Apogee O; sensors encapsulated in polyvinyl chloride (PVC) chambers were used to
track soil O, concentrations [37]. For each site in catena-1, we deployed five TDR and five O, sensors
installed in the top 15 cm of the soil, and data was stored every hour in CR1000 Campbell dataloggers.
Emissions of CO, and CH, were measured using automated flux chambers deployed in each site (three
for the valley, three for the slope, and three for the ridge). Gases were collected within the chambers
over 10 minutes of sampling, three minutes of flushing between measurements, and automatically
transported to a cavity ring down spectroscopy (CRDS) gas analyzer (Picarro, Santa Clara, CA, USA)
within the site [36]. Gas samples were collected daily at a maximum of 12 samplings per day per
chamber with F(CO,) expressed in pmol m~2 s~ ! and F(CHy) in nmol m—2 s~ 1.

2.4. Statistical Analyses

The soil characteristics (SRO-Fe, Total-Fe, Total-C, and soil texture) in Table 1 were analyzed using
one-way ANOVA followed by Tukey’s HSD (honestly significant difference) test at the 5% probability
level in R. We computed models using the daily average for the environmental factors (Eh, O,, and
Oy, measured by sensors) and the daily average precipitation to predict the drivers for Eh, O, and 0y
(see initial parameters in Table 54), using the Imer function from the Ime4 package in R [64]. We also
computed turnover times for the HCl-extractable Fe!l pool (for both production and consumption)
by dividing the Fell concentration by the change of Fe!l with respect to time between two subsequent

. . Fell +Fell Fell —Fell
samphng pOlntS <T — < sample 1 5 sample 2 / sample 2 sample 1

tsample 2~ tsample 1
well as for each site individually. We plotted the HCl-extractable Fe!! turnover times in histograms and
reported the most commonly occurring, the mean, and the median turnover time, respectively.

We analyzed the relationship between the biogeochemical measurements using a linear mixed
model fit by restricted maximum likelihood (REML), for the sampling days and within the different
topographic positions (and sites) of the catenas using the Imer function from the Ime4 package in R [64].
The outcome variables that were considered included Fell, Felllzz (Media or Shewa), DOC, and Eh.
We additionally ran models just for catena-1 to assess relationships between our measurements and the
additional sensor measurements (O, 8y) and CO, and CHj fluxes that were only measured in catena-1.
We used a dataset with 17 days of observation spread across 44 days. Predictor variables included
DOC, Media-Fell'pg, pH, O¢, precipitation, and in the case of catena-1, also O, and 6y (replacing 6¢).

We surmised that the Fe and C cycling may not respond immediately by changes in precipitation,
Eh, O,, and Oy, but instead may exhibit a lag (of hours/days) before responding. Thus, we averaged
each of these continuously measured variables over different windows of time prior to the time of
sampling, and then used a procedure of minimizing Akaike’s information criterion (AIC) to select the

) > , for an average of all of the sites, as

optimum model (lowest AIC). For precipitation, we compared the averages of one day, two days, three
days, four days, five days, and 10 days prior to soil sample collection, and choose the one with the
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lowest AIC (two-day lag; precipitation_48 h). For the Eh, O,, and 6y sensors, we compared the AIC
at the hour in which the soil sample was taken, and for the average of these sensor readings in the
last2h, 3 h, 6 h, 12 h, 24 h, 36 h, and 48 h before the soil sampling. For example, for a soil sample
taken at 14:00 on 14 May 2016 (day 10), we averaged the Eh measurement at 14:00 (Eh_1 h), and then
from 13:00 to 14:00 (Eh_2 h), 12:00 to 14:00 (Eh_3 h), and so on until 48 h prior to the measurement.
We reported both AIC and R? of the models calculated by r.squaredGLMM from the R package MuMIn
for generalized linear mixed effects models (GLMMs) [65,66] in order to compare the models.

Table 1. Summary of soil characterization for each catena and topographic position: mean (+1 standard
error). Lowercase letters (a, b, ¢, d) indicate significant differences among the variables by ANOVA and
Tukey’s HSD test at the 5% probability level. Soils from the Luquillo Experimental Forest (LEF), Puerto
Rico, sampled in 2016. SRO: short-range order.

1
Site msnlfg'lf;_l mf:;‘l;;e_l Carbon (%)  Clay (%)  Sand (%)  Silt (%) pH 1
Valley-1  336(32)a  1162(10)a  46(01)a  7(06)a 4536)a 48(19a 61(02)a
Valley2  305(20)a  1353(12b  40(02)a  8(07)a  3627a 5621)b  53(02)b
Valley-3  195(10)b 1409 (14)c  31(01)b  1009b  3326b  5623)b  53(0.1)b
Slope-l  178(10)b  1403(12)c  34(03)b  100.6)b 27(34)b  63(20)c  51(0.2)be
Slope2  213(7)b  1503(13)d  31(0.)b  12(L)b  28(22)b  60(24)c  48(0.2)d
Slope-3  131(11)c  1434(12)c  3.4(0.1)b 8(02)a  45(10)a  47(08)a  5.1(0.1)bc
Ridge-l ~ 190(17)b  1428(12)c  4.5(04)a 6(04)a 43(42a 51(17)a 49(02)d
Ridge2  227(9b  1334(13)b  59(0.)c  5(05a 52(26)ad 4322)a  48(02)d
Ridge3  206(6)b  1340(12)b  46(0.0)a  5(04)a  60@8cd 36(14)d  50(02)cd

* Citrate-Ascorbate Extraction. 1 pH average for all 17 days of soil collection.

3. Results

3.1. Soil Characteristics across Sites

Soil characteristics (Table 1) varied along the replicated topographic positions. Valley-1 and -2
had the highest SRO-Fe among all of the samples (Table 1). Even with the lowest total-Fe, valley-1
had the highest amount of reactive iron (SRO-Fe) and ferrous iron (Fel) of all of the sites (Table 1).
Total-C was high in valley-1 and -2 and in the ridges, compared to the slopes; thus, there was more C
accumulation in the valleys and ridges compared to the slopes (Table 1). Soils had a loam texture for
most of the sites, or sandy loam and silt loam for a few sites (Table 1). Detailed results for all of the
elements that were analyzed are available in Table S2.

We assessed the similarity of the sites based on a principal component analysis (PCA) of the
following triplicated measurements: Total-Fe, SRO-Fe, Total-C, and texture (sand, silt, and clay)
(Figure S3). We observed that ridges (R1, R2, R3) are grouped together, reflecting their difference in
texture and Total-C content. Likewise, the slopes S1 and S2 could be grouped together based on their
fine texture (clay and silt); however, S3 differs in its Fe characteristics. Valley sites V1, V2, and V3 were
widely distributed across the different biplot quadrants (Figure S3), not only differing in the second
principle component (V1, V2) from most of the ridge and slope sites, but also varying in texture and
carbon content amongst themselves. Thus, each of the studied valleys had different characteristics,
which may be reflected in the higher variation in Eh and other biogeochemical variables between the
replicated valleys.

3.2. Precipitation and Environmental Factors Involved in Redox Processes

Over the course of the sampling period (May and June 2016), four distinct precipitation-related
periods were identified (Figure 1): (1) intermittent rainfall periods of 5-10 mm every few days (from 3
May to 21 May 2016, phase-1); (2) a short absence of rain/dry period (from 21 May to 26 May 2016,
phase-2); (3) an intense rainfall event of 290 mm for 10 days with a one-day event of 114 mm (from
27 May to 5 June 2016, phase-3); and (4) a longer dry period of 12 days (from 6 June to 17 June 2016,
phase-4) with only one day of rain (26 mm). These patterns of precipitation directly influence the
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variables that were measured hourly by the sensors (Eh, Oy, and 6vy) in most of the sites and catenas
(Figures 2 and 3). 0y fluctuated closely with precipitation in slope-1 and ridge-1. For example, in
slope-1, By decreased from 0.45 m3 m~3 to 0.35 m® m 3 for the short dry period (phase-2), followed by
an increase up to 0.47 m® m~2 in the intense rainfall event (phase-3), and decreased again to 0.36 m?
m~3 in the long days without rain (phase-4). Valley-1 had a lower magnitude of soil moisture variation,
as water appeared to remain longer in this landscape position (i.e., a poorly drained soil), from 0.45 m3
m 3 to 0.50 m® m~3. Soil O, did not fluctuate much for ridge-1 and slope-1, except for a slight change
from 17.5% O, to 15.5% O, during phase-3. Valley-1 was more responsive to absences of precipitation
than ridge-1 and slope-1, with O; increasing in valley-1 from 2.5% to 9.2% and 1.9% to 11.8% for the
drying phase-2 and drying phase-4, respectively (Figure 2).

120
Precipitation at El Verde Field Station, Puerto Rico
100 T Sampling days i
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Figure 1. Phases identified during the sampling campaign, with precipitation at the El Verde Field
Station, Puerto Rico. Phase-1: 3 May 2016 to 22 May 2016; phase-2: 23 May 2016 to 27 May 2016;
phase-3: 28 May 2016 to 5 June 2016; and phase-4: 6 June 2016 to 17 June 2016.

Changes in redox potential had higher amplitude (magnitude) in the valley topographic positions
compared to ridges and slopes. In valley-2 (catena-2), the four phases of precipitation (intermittent
rain, no rain, intensive rain, and no rain again) were inversely correlated with the Eh (R? = 0.944)
(Figure 3): Eh varied between from ~200 mV to ~500 mV within one to two days following rainfall
(phase-1), increased from 325 mV to 550 mV during the short dry period (phase-2), and then decreased
greatly from 550 mV to ~0 mV during the wet period (phase-3) before increasing back to 550 mV
within the final drier days (phase-4). A notable redox fluctuation pattern also occurred in valley-3,
with Eh reaching very negative values (from 260 mV to —360 mV) during the extreme rainfall event
and returning to positive values (200 mV) for the long drier days. However, Eh in valley-1 (catena-1)
remained mostly negative (—500 mV to —270 mV) due to high soil moisture (Figure 3). The Eh values
that were measured in the three slopes and two ridges across all three catenas remained at values
characteristic of oxic conditions (varying from 420 mV to 580 mV).
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Figure 2. Soil volumetric water content (a) and oxygen (b). Red vertical lines separate the different
phases of precipitation (phases 1, 2, 3, and 4).
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Figure 3. Redox potential (Eh) using platinum electrodes for each site within three catenas. Red vertical
lines separate the different phases of precipitation (phases 1, 2, 3, and 4).

Using mixed-effects models with stepwise backwards elimination, daily average precipitation was
identified as a significant predictor for the daily averages of Eh, O,, and 8y (negative, negative, and
positive relationships; Table 2). We computed cross-correlations for the averaged daily measurements
for the sensors, and we found no time lags between Eh, O,, and 0y.

Table 2. Summary of mixed-effect linear models for the environmental factors obtained by stepwise
backwards elimination. All variables are daily averages.

Variable Catenas AIC?2 (R%2¢) b Num. of Observ. ©  Model (Significant Predictors in Bold at p < 0.05)

Eh All 3850.41 (0.944) 324 Eh = —0.7187 x Precipitation
O, 1 866.20 (0.992) 240 O, = —0.0129 x Precipitation
Oy 1 —880.34 (0.853) 213 Oy = 4.894 x 107 x Precipitation

a AIC: Akaike’s information criterion; P R?c: conditional R squared; ¢ Maximum number of observations is 415 for
all catenas and 243 for Catena 1 only. Units: Eh = deci-Volts, 8y = m® m~3, O, = %, and Precipitation = mm.

3.3. Dynamic Biogeochemical Soil Measurements

Soil extractions for Fe and C pools also varied over time in response to precipitation and soil
moisture. HCl-extractable Fe!! varied across ridges to slopes to valleys for all three catenas (Figure 4).
Valley-1 is wetter and had much higher Fe!! concentrations compared to all of the other sites in all
of the catenas. During the 290-mm intense precipitation period (phase-3), the Fe!! in valley-1 varied
from 50 mmol kg~! to 126 mmol kg~!. Ridge-2 and slope-2, particularly, had larger variation in
Fe!l concentrations during phase-3 than the other ridges and slopes, where Fel! content increased
from 4 mmol kg~! to 9 mmol kg ! in ridge-2 and from 3 mmol kg~! to 8 mmol kg~! in slope-2.
During the subsequent 12-day drying event (phase-4), Fe!l content decreased in most of the sites; for
example, from 8 mmol kg~ ! to 1 mmol kg~! in slope-2, and from 4 mmol kg~ ! to 1 mmol kg~ ! in
ridge-1 and ridge-2. Shewa-Fell'yg and Media-Fe!l'rg were also correlated with high or low rainfall
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events and soil moisture contents varying overall from 1 mmol kg~! to 50 mmol kg~! soil day !
(Figure 5). Shewa-Felllxk was correlated with Media-Fe'zg (R? = 0.82), and both were correlated to
Fell concentrations over the course of the experiment, which was consistent with the understanding
that Fe'llgr measurements assess the pool of Fe!!! that can be rapidly reduced.

DOC did not fluctuate with precipitation (p = 0.610) as much as Eh and Oy responded to
precipitation. Across most of the sites, DOC remained near constant in the intense rainfall period
(phase 3) and decreased in the last days of phase-4, with the exception of valley-1; for example, DOC
declined from 264 mg kg ! to 95 mg kg~ ! in valley-3, and from 132 mg kg~! to 114 mg kg ! in slope-2
during the last drying event (Figure 6). Values of DOC were higher at some of the sampling points (e.g.,
maximum value of 275 mg kg~! on 18 May 2016) for valley-1 than at the other sites, but they were still
statistically similar to the DOC of the other sites across the 17 days of soil sampling, despite the higher
values of Fe! and Fe'l'gg pool in valley-1. The pH also did not clearly fluctuate in response to rainfall
(p = 0.992) and soil moisture (p = 0.180) patterns (Figure S4). The pH (averaged over the 17 sampling
days) was higher in the valleys, with values decreasing from 6.1 to 5.1 to 4.9 for valley-1, slope-1, and
ridge-1, respectively. This increase in pH from ridge to slope to valley in catena-1 is associated with the
greater amount of Fe!!, SRO-Fe, and total-C in valley-1. Acidic waterlogged soils commonly exhibit
elevated pH due to the proton consumption during the reduction of nitrate, manganese, and iron [67].

Gravimetric water content (6g) was somewhat responsive to changes in precipitation (Figure S5).
For example, in valley-2 gravimetric water content varied from 0.62 g g~ ! to 0.84 g g~ ! for the intense
precipitation and decreased to 0.52 g g1 over the next 12 days; however, the volumetric water content
(measured hourly by sensors) captured the fluctuations in soil moisture in more detail. Fluxes of CO,
were lower in valley-1 compared to slope-1 and ridge-1, with average values of 0.6 pmol m 2 s~ 1,
1.6 umol m~2 571, and 1.3 pmol m~2 s~! for each of these sites (Figure S6). Valley-1 was a source

of CHy, while slope-1 and ridge-1 were sinks of CHy, with average CHy fluxes of 3.0 nmol m~2s~1,

—5.6nmol m~2 57!, and —0.4 nmol m~2 s~ !, respectively (Figure S6).
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Figure 6. Dissolved organic carbon (DOC), 1:5 soil:water extraction. Error bars are +1 SD. Red vertical
lines separate the different phases of precipitation (Phases 1, 2, 3, and 4).

3.4. Turnover Timescales for HCI-Extractable Fe'! Pool and Statistical Models to Predict Soil
Biogeochemical Parameters

Across all nine sites within the three catenas, the most common turnover time for the
HCl-extractable Fe!! pool during net production was four days, and during the net HCl-extractable
Fe!l consumption was three to four days; only in a few instances were longer turnover times measured
(Figure 7, Table S3). We determined the optimal mixed-effects models for the biogeochemical variables
Fell, Media-Felllzg, Shewa-Felllzz, DOC, F(CO,), and F(CH,) (Table 3) using stepwise backwards
elimination, which removes all of the non-significant variables one by one, and keeps only the
significant variables in the final elimination step (see initial parameters in Table S4). We chose the
model with the lowest AIC (best model) by comparing the average of the measurements taken for Eh,
Oz and Oy from1h,2h,3h,6h,12h, 24 h, 36 h, and 48 h preceding the time and date when the soil
samples were taken. In the model predicting DOC concentration, the lowest AIC was the model with
O, averaged over the preceding 48 h from the measurement (O,_48 h) (Table S5). For precipitation,
we used the two-day (or 48-h) averaged precipitation, which had the lowest AIC (Precipitation_48 h),
compared to the averages of one, three, four, five, and 10 days prior to soil sampling. The two-day
averaged precipitation was also found to be the time lag between the precipitation, the studied
environmental factors, and biogeochemical variables.

Values of Felllzz and pH were positively correlated with Fell levels for all of the catenas (all nine
sites) (R% = 0.727), and O, was negatively correlated with Fe!l concentrations for the sites in catena-1
(Table 3) (R? = 0.789). We used Media-Fel'lgg (and not Shewa-Felllgg) for the Fel! models, because
Media-Fellzz had the lowest AIC compared to Shewa-Felllgg or both Media-Fell'lzi and Shewa-Felllzz
together in the model. Gravimetric water content (6g) and Fe!l were positively correlated in both
Media-Fellgr and Shewa-Felllzg models (R? = 0.835 and 0.810, respectively). Thus, Media-Fellzr
and Shewa-Felllg were indirectly driven by changes in precipitation. Eh was negatively correlated
to Media-Fe'l'rr, and pH was positively correlated to Shewa-Felllgg for all of the catenas (Table 3).
DOC was positively correlated to 6g and Fell (R% = 0.441). The F(CO,) was negatively correlated to Oy
(Table 3) (R? = 0.429). For F(CH4) models, we observed that the regression results were significantly
impacted by five outlier values, and by removing these outliers, we observed a positive correlation of
F(CH,) and pH (Figure S7) (R? = 0.545).
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Figure 7. Turnover times for HCl-extractable Fell consumption (a,b) and Fell production (c,d) averaged
for all sites. Figure (b,d) are equivalent to figure (a,c), respectively, but with tighter x-axis scales.

Table 3. Summary of mixed-effect linear models for the biogeochemical variables obtained by stepwise
backwards elimination.

Variable Catenas AIC? (R20) P Num. of Observ. ¢ Model (Significant Predictors in Bold at p < 0.05)
Fell All 990.725 (0.727) 110 Fell =2.130 x Media-Fe'llgg +20.286 x pH
Catena 1 377.89 (0.789) 39 Fell =2.4758 x Media-Felllgg — 4.3644 x O,_48 h
Media-Fellzg All 413.32 (0.835) 73 Media-Felllgg ~0.1073 x Fell +20.295 x 6 — 0.845 x Eh_6 h
Shewa-Felllzp All 654.06 (0.810) 110 Shewa-Felllg ~0.1202 x Fell +21.221 x 0g +3.861 x pH
DOC All 718.68 (0.441) 132 DOC =0.1909 x Fell +12.47 x 6g
Flux CO, Catena 1 117.2 (0.429) 45 F(CO,) = —10.995 x 8y
Flux CH,4 Catena 1 126.01 (0.545) 43 F(CH,) =2.782 x pH

a AIC: Akaike’s information criterion; ? R%c: conditional R squared; ¢ Maximum number of observations is 153 for
all catenas and 51 for Catena 1 only. Units: Fe!l = mmol kg’l, Media-Felzr and Shewa-Fe'llzg = mmol kg*1 a1,
DOC = mg kg~!; pH = unitless; 8 = g g~!; Eh = deci-Volts, 8y = m® m~3, O, = %, F(CO,) = pmol m~2 s~!, and
F(CH) =nmol m—2s~1,

4. Discussion

4.1. Turnover Times for HCI-Extractable Fe!! Pool and Drivers of Fe Redox Processes

We aimed to measure the timescales for the turnover of the HCl-extractable Fe!! pool, in order to
understand the controls on Fe!! biogeochemical cycling, and capture hot moments (of hours to days)
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and identify hot spots for Fe cycling. Our field timeseries measurements revealed that HCl-extractable
Fe!l turnover times that were calculated using consumption or production were centered around
four days across ridges, slopes, and valleys. These results compare favorably to our prior controlled
laboratory experiment [68], where the mean turnover for the HCl-extractable Fe! pool that was
calculated based on production varied from three to five days, and based on consumption from 0.5
to five days (this is likely faster than in the field because the laboratory experiments were slurry
incubations). To our knowledge, there are no prior reports of Fe!l turnover times for soils under natural
conditions, but turnover times can be calculated for some coastal marine systems [69-71]. For example,
Wang and Van Cappellen [69] reported rates of dissimilatory Fe reduction and Fe!l concentrations
(adsorbed Fe!l and Fe"CO3) for coastal marine sediments. From these values, we estimated that the
turnover time for Fel pool was between 91-120 days. Thus, the Fe!! turnover according to these
models are at least an order of magnitude longer than our results for the LEF soils, suggesting that
these humid tropical soils exhibit rapid rates of Fell turnover.

Our mixed-effect models suggest that Fe reduction and oxidation, as measured by HCl-extracted
Fe!l concentrations, are driven by O,, pH, and the pool of rapidly reducible Fe'! oxides (Fe'rg).
We interpret this correlation as follows. At the soil pH and O, content measured at the field sites, Fe!l
concentrations are responsive to the pool of Felll
are measured using either native soil microorganisms or via amendment with non-native bacteria
(Shewanella sp.), the Media-Fellzz and Shewa-Felllyg, respectively. Although soil moisture was not a
predictor in the final Fe! model, 6 was a predictor for the rapidly reducible Fe! oxides (Media-Fe''ry,
in this case), which strongly impact the availability of Fe! in soils. These findings corroborate our

first hypothesis that precipitation is driving O, and soil moisture, and those parameters are in turn
111

oxides that are readily available for reduction, and

driving the Fe™"gr pool; thus, both O, and Felllxr control Fe!l concentrations, under the measured
environmental conditions and soil pH at the field sites. So that, precipitation and soil moisture
indirectly influenced Fe reduction and oxidation in soils from the LEF. These results agree with
previous work demonstrating that a dissimilatory Fe reduction was controlled by environmental
factors such as soil O, and water content, and the inherent soil Fe mineral composition [11,19,72].

In support of our second hypothesis that the valleys exhibit different Fe dynamics than other
topographic positions, valley-1 contained much higher (and statistically different, p < 0.05) Fell
concentrations (50 mmol kg_l to 126 mmol kg_l) and Felllz; rates (18 mmol kg_1 to 49 mmol
kg~! d~!) than the other two valleys and all of the other ridges and slopes. However, for other
biogeochemical variables, such as DOC, the values did not vary among the topographic positions.
Thus, valley-1 was a hot spot for Fe biogeochemical processes compared to all other sites, and the
other valleys (such as valley-2 and valley-3) may also generally serve as hot spots of Fe cycling.

To understand the redox processes across different landscape positions, complementary variables
such as Eh, soil O,, and bulk soil extractions for Fell (as an indicator of reducing conditions) can be
used to assess the redox status of the environment. Eh measurements are suitable for soils that are
consistently wet (such as the soil within valleys 1, 2, and 3). We observed a more pronounced variation
in soil Eh in valley-2 and valley-3 than in valley-1, which followed similar trends in precipitation, soil
moisture, and O, (valley-1 was constantly anoxic, with highly negative Eh values). Given the relatively
constant negative Eh values in Valley-1, we investigated Eh models using only valley-2 and valley-3,
which had greater variance in Eh in response to precipitation. In these analyses, we found a significant
negative correlation (p < 0.05) between Fel! and Eh. Thus, in some valley positions, the variations in
redox potential (Eh) can be directly correlated with Fe reduction.

In our recent laboratory experiments incubating soil slurries from a similar valley topographic
position in the LEF (Bisley watershed), we explored changes in Fe!l due to redox fluctuation parameters,
such as the magnitude (or amplitude) of O,, frequency/periodicity, and time length under oxic and
anoxic conditions [18,49,73,74]. In these incubations, we found that the magnitude and periodicity
of redox fluctuations influence Fe and C dynamics with clear patterns of Fe reduction during anoxia
and Fe oxidation during oxic conditions. Indeed, the number of hours and days for the natural redox
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fluctuations in valleys 2 and 3 (such as the notable changes in Eh), and the soil sampling periodicity
we have done in the field, are comparable to the imposed 2.5 days, six days, and 10 days of anoxic
conditions in the laboratory experiment [49].

4.2. The Dynamic Pool of Rapidly Reducible Fe Oxides (Fe'llgr)

We conducted soil incubations to assess the abundance of reactive Fe!

for bacteria (Media-Fe'llzr and Shewa-Felllzr) as a bioreduction alternative to the selective chemical
extractions such as citrate-ascorbate, oxalate, and hydroxylamine, e.g., Coward, et al. [75], Ginn, Meile,

Wilmoth, Tang and Thompson [18], and Hall and Silver [35], which are generally thought to be static
111 111

that is readily available

over month to year timescales. We found that both Media-Fe'"gr and Shewa-Fe"'rgr were positively

correlated with 6 and Fell. Media-Felllzz was negatively correlated with Eh, and Shewa-Felllzyp
was positively correlated with pH. The observed values of Shewa-Fell!
Media-Fel'gg values for valley-1 and valley-3. However, in the ridges and slopes, the values for
Shewa-Felllgr were generally higher than the values for Media-Fellgz. These bioreduction results
indicate that valleys can be nutrient and C-deficient for Fe reduction (as Felllzz and SRO-Fe pools can
be abundant), and slopes and ridges can be deficient in nutrients, C, and reactive Fe phases (FeIII
(Figure 5).

We found that both Shewa-Felllgr and Media-Felllzz changed in response to rainfall and soil
moisture. For example, averaged over the 17 time points, Shewa-Felllzr and Media-Fe!'zr accounted
for between 17-66 % and 12-64 % of the SRO-Fe pool, respectively, and reached a maximum value of
~100% of the SRO-Fe pool in some instances (Table S6). We also observed an overall increase in the

Felllgr /SRO-Fe ratio from ridges to slopes to valleys (Table S6). Thus, in our study, the valleys likely
111

RR Were generally similar to

RR)

had a greater fraction of SRO-Fe that was readily available for use as an electron-acceptor (i.e., Fe"'rr)

relative to the slopes and ridges.

We propose that the pool of rapidly reducible Fe'" is a more dynamic and fluctuating pool than
typically understood through selective extractions such as citrate-ascorbate or hydroxylamine [35,75].
While the full SRO-Fe pool as measured by these selective extractions may approximate the total
amount of reducible Fe!!, this does not represent the Fe!l' pool that can be reduced within short
timescales, such as days and weeks. For instance, Ginn, Meile, Wilmoth, Tang and Thompson [18]
observed that the SRO-Fe abundance was a poor predictor of Fe reduction rates, whereas measurements

11T

of Felllyg via an incubation with an Fe-reducing microorganism were able to explain the difference in
Fe reduction rates in the treatments. This rapidly reducible Fe!l pool (Fe!l'rR) is certainly a subset of
the larger SRO. It likely comprises the least crystalline and most soluble portion of the SRO pool, but it
may also be that it represents SRO Fe phases that are simply in closer proximity to the Fe-reducing
organisms. The rapid oxidation of Fe! results in Fe!l' phases that are more reducible (and of lower
crystallinity) than bulk Fe!! phases [73], but the presence of mineral surfaces and organic matter alter
this crystallinity independent from the oxidation rate [30]. This suggests that frequent oxidation and
reduction events may increase the proportion of Fe!ll
here supports this hypothesis, but also suggests that the Fe™"'ggr pool is quite dynamic and can vary
considerably in response to multiple environmental forces. For example, in two distinct days of
sampling for valley-1, the Fe'llyg pool varied from 140 mmol kg~! to 336 mmol kg !, reaching values
as high as the SRO-Fe pool (Figure S8). In the latter case (higher Fell'rr), we would expect a soil

primed for rapid and sustained Fe!!! reduction, while in the former, the length of Fe reduction might
I I

RR relative to the total SRO-Fe pool. Our work
il

be much lower (lower Fe reduction is a critical
electron-accepting process that is responsible for carbon mineralization in humid forest soils, the

abundance of Fel'xg may be an important control of C-cycling.

rRR)- Given the emerging understanding that Fe

4.3. Soil Moisture and Precipitation Influence Fe—C Redox Cycling

Soil moisture was a predictor for the Media-Fellzg, Shewa-Felllgg, DOC, and F(CO,) models.
Additionally, soil moisture influenced the Felllg pool, and consequently influenced Fe!l concentrations.
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Precipitation was a predictor for the environmental factors Eh, O,, and 0y, which are important
parameters that influence Fe—C reduction and oxidation (Figures 2 and 3). Prior work has shown that
precipitation was inversely correlated with soil O, concentrations across the LEF [11]. By evaluating
the relationship between precipitation and O, Liptzin, Silver and Detto [37] found that dry periods
of at least four days were able to aerate soils, while a small rainfall event (<1 mm) was able to
create low O, concentrations. We first hypothesized that precipitation would be a strong predictor
for most of the soil biogeochemical variables. However, unlike soil moisture, precipitation did not
prevail in the stepwise backward elimination models for Fell, Media-Fellgg, Shewa-Felllzz, DOC,
F(COy), and F(CHjy). This suggests that rainfall does not have an immediate impact on Fe and C
biogeochemistry, but rather it is the accumulation of water in the soil (soil moisture) that has a
rapid impact on these parameters; reinforcing that soil moisture drives biogeochemical cycling, not
rainfall. Additionally, elevated soil moisture content had a strong relationship with the potential for Fe
reduction as measured by uniformly oxidized steel rods (i.e., Indicator of Reduction in Soils—IRIS)
deployed across a topographic gradient in volcanic soils from Hawaii [76], and also in upland Fe-rich
and weathered soils from the United States (USA) southeastern piedmont [77]. In these studies, Fe
reduction was likely stimulated by exogenous C inputs (such as DOC). Therefore, the temporal and
spatial variation in soil moisture, O, content, and redox conditions may create a hot moment for Fe
reduction in soils within certain hot spots of the landscape [4,40].

In soils that undergo redox fluctuations, C has been shown to both accumulate in the form of
solid phase C or be lost via solubilization or mineralization by soil microorganisms [78,79]. In our
study, DOC was positively correlated to Fell and 0, suggesting that the release of DOC is likely driven
by the desorption/dissolution of organic matter from reactive Felll phases that undergo reductive
dissolution [80]. Consequently, DOC concentrations depend on the resident Fe reduction processes (as
Fell is a predictive variable in the model for DOC) and on the soil moisture conditions. Our results
corroborate prior work reporting that variations in DOC are correlated with changes in dissolved
ferrous iron (Fell) [28,29]. During anoxic incubations of wetland soils, Grybos, et al. [81] observed that
DOC increases were correlated with increases in pH as well as in Fe!l and Mn! concentrations, and
with decreases in Eh. These soluble C forms can be depolymerized and/or mineralized to CO, and
CHj, emissions by microbial activity [82]. In our models, we found that soil moisture was a predictor for
F(CO,) and soil pH predictor for F(CH4); and, interestingly, we found no relationship between F(CO,)
and F(CHy4) with the iron pools Fe'l and Fe'zr. Similar to our models, other studies demonstrated
that F(CO,) decreased with increasing soil moisture content [83—-85], and that F(CH,) increased with
increasing soil pH (between 4.5 to 6.5, Figure S7), for example, in inundated systems [86].

The decline in precipitation and soil moisture in the last 12 days of the field campaign correlated
with a decrease in Fell, Felllzz, DOC, and an increase in Eh and O, values at most of the sites.
The decrease in both Fel and DOC concentrations could be due to the potential disappearance of
anoxic microsites within the soils as the soil dried and O, content increased [4]. Thus, decreasing
soil moisture conditions appeared to directly impact the dynamics of Fe and C with important
ecosystem implications.

5. Conclusions

We found that variation in precipitation, soil moisture, and O, content impacted the pools of
Fe and C extracted from soils across different landscape positions and influenced fluctuations in soil
llpr) was dynamic and
depended on fluctuating environmental conditions. We also found that the characteristic turnover
time for HCl-extractable Fe'! (calculated based on both production and consumption) was four days.
In conclusion, intensive periods of precipitation and prolonged dry periods were able to create

redox potential. The pool of reactive and rapidly reducible Fe oxides (Fe

distinct hot moments for biogeochemical redox processes. We found that valleys generally behaved as
environmental hot spots within the landscape.
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Robust relationships between soil moisture and the variables Media-Fe'llzr, Shewa-Felllzr, DOC,
and CO, demonstrate the strong influence of soil water content on these biogeochemical processes.
Both Media-Fe!'z and Shewa-Felllzg were correlated to Fell concentrations in the studied soils. Thus,
large amounts of precipitation or the occurrence of drier periods could likely further constrain these
biogeochemical processes. We demonstrated that precipitation and the environmental factors of soil
moisture and O, content are interconnected and important predictors for Fe reduction, DOC release, C
mineralization, and fluctuations in soil redox potential, with important ecosystem implications over
variant topographic positions in highly weathered Fe-rich soils from humid tropical regions.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2571-8789/2/4/59/s1,
Figure S1: Illustration of sampling design at one of the catenas: (a) showing ridge, slope, and valley topographic
positions, the 3 plots allocated within each site, the sensors distributed within the plots, and (b) example of a
subplot of 1.5 m x 1.5 m, sampled at 0-15 cm depth with sampling points randomly located at least 20 cm apart.
Luquillo CZO, Puerto Rico (2016), Figure S2: Visualization of subplots Catena-2: (a) slope, (b) ridge, and (c) valley;
and (d) valley in Catena-3. Luquillo CZO, Puerto Rico (2016), Figure S3: Principal Component Analysis (PCA)
for the 9 sites, valleys (V1, V2, V3), slopes (51, S2, and S3), and ridges (R1, R2, R3) based on the following soil
characteristics: Total-Fe, SRO-Fe, Total-C, Sand, Silt, and Clay content. Soils from Luquillo CZO, Puerto Rico,
sampled in 2016, Figure S4: Soil pH (1:1 soil:water). Soils from Luquillo CZO, Puerto Rico, Figure S5: Gravimetric
Water Content. Soils from Luquillo CZO, Puerto Rico, Figure S6. Soil CO2 and CH4 emissions. Soils from Luquillo
CZO, Puerto Rico, Figure S7: Values for pH and CHy fluxes (a) with and (b) without the outliers, Figure S8:
Pools of Total-Fe, SRO-Fe, Felllgr, and Fel! for two given sampling days (left and right) for valley-1. The pool
of Felllgg is dynamic and can be as high as the SRO-Fe pool. Soils from Luquillo CZO, Puerto Rico, sampled in
2016, Table S1: GPS coordinates of the studied site, Table S2: Total elemental analysis (concentrations in %). Soils
from Luquillo CZO, Puerto Rico, sampled in 2016, Table S3: Turnover Times for HCl-extractable Fe!! Production
and HCl-extractable Fel! Consumption: highest frequency, median and mean, Table S4: Parameters used for
each variable studied before stepwise backward elimination, Table S5: Number of hours before soil sampling the
environmental factors are averaged that yielded the lowest AIC (best model). It represents the best averaging
window to predict each variable in the mixed linear models (from 1 to 48 h of soil sampling), Table S6. Comparison
of reactive iron pool (SRO-Fe) extracted by Citrate-Ascorbate and the Fe reduced within 7 days by incubations
with Shewa-Felllzr and Media-Fellz: (a) for the actual values in mmol kg*1 for the 7 day-incubation, and (b) for
ratio between Felllzp pool and the SRO-Fe pool (in percent).
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