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ABSTRACT
Seasonally-flooded várzea forests of Western Amazonia are one of the most productive and biodiverse wetland forests in the world. However, data on their

soil CO2 emissions, soil organic matter decomposition rates, and soil C stocks are scarce. This is a concern because hydrological changes are predicted to lead
to increases in the height, extent, and duration of seasonal floods, which are likely to have a significant effect on soil C stocks and fluxes. However, with no
empirical data, the impact of altered flood regimes on várzea soil C cycles remains uncertain. This study quantified the effects of maximum annual flood
height and soil moisture on soil CO2 efflux rate (Rs) and soil organic matter decomposition rate (k) in the várzea forests of Pacaya Samiria National Reserve,
Peru. The study was conducted between May and August 2017. The results showed thatRs (10.6–182.7 mg C m−2 h−1) and k (0.016–0.078) varied between
and within sites, and were considerably lower than the values reported for other tropical forests. In addition, Rs was negatively affected by flood height (P <

0.01) and soil moisture (P < 0.001), and it decreased with decreasing river levels post flooding (P < 0.001). In contrast, k was not affected by any of the
above-mentioned factors. Soil moisture was the dominant factor influencing Rs, and it was significantly affected by maximum flood height, even after the
floods had subsided (P < 0.001). Consequently, we concluded that larger floods will likely lead to reducedRs, whilst k could remain unchanged but with
decomposition processes becoming more anaerobic.
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INTRODUCTION

Containing around 40% of the Earth’s terrestrial carbon
(C) stocks and having the world’s highest soil organic matter
(SOM) decomposition rates, tropical forests play a significant
role in the global C cycle (Carvalhais et al., 2014). Changes
in temperature and moisture will affect SOM decomposition
and soil CO2 emissions via their influencing effects on
soil gas diffusion, microbial and root activity, productivity,
nutrient availability, and redox dynamics (Davidson et al.,
1998; Neher et al., 2003; Sotta et al., 2006; Cleveland et al.,
2010). Because temperature is relatively constant in tropical
ecosystems, soil moisture is one of the most important factors
influencing soil microbial activity and SOM decomposition,
and is a critical variable in models that predict changes in soil
C stocks on site specific and global scales (Cook andOrchard,
2008; Moyano et al., 2013). The general relationship between
soil moisture and microbial activity can be depicted using
a parabolic curve with reduced activity at both extremes
and highest activity at an intermediate soil moisture content,
where the balance of gas diffusion and water availability
is optimal (Chambers et al., 2004; Vincent et al., 2006;

Moyano et al., 2013). Despite a broad understanding of the
effect of moisture on soil microbial processes, decomposition
and soil respiration rates remain poorly quantified (Cook
and Orchard, 2008), and in most C cycle models, they are
represented as simple empirical functions (Taylor et al.,
2017).

In general, it is thought that the decomposition rates will
slow down with episodic soil saturation as a consequence of
anoxia, leading to reduced soil biological activity (Schuur,
2001). However, this may not be the case in highly weathered
tropical soils where weakly crystalline and reactive iron mi-
nerals allow dissimilatory iron reducing bacteria to oxidize
SOM, contributing to high rates of anaerobic C oxidation un-
der hypoxic/anoxic conditions (Dubinsky et al., 2010). The
reduction of iron can also lead to enhanced soil phosphorous
availability by reducing the affinity of iron for phosphorous.
As phosphorous is frequently the limiting nutrient in tropical
ecosystems (Cleveland et al., 2010), any increase in its avai-
lability might encourage microbial activity (Chacon et al.,
2006; Cleveland and Townsend, 2006; Liptzin et al., 2011).
Additionally, leaching of dissolved organic matter (DOM)
can significantly contribute to decomposition in tropical
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forests that experience frequent heavy rainfall (Cleveland
and Townsend, 2006). Leaching of DOM has been shown
to sustain microbial activity as it moves through soils (Neff
and Asner, 2001). It is an important factor in negating nu-
trient limitations of decomposition and affected by organic
matter solubility. Owing to the extraordinary diversity of
biota in the tropics, significant variations in litter chemical
traits exist, affecting DOM leaching, microbial activity, and
SOM decomposition (Townsend et al., 2008; Wieder et al.,
2009). Thus, DOM leaching is likely to be an important, but
poorly understood, process affecting the C cycle in tropical
ecosystems.

As the largest of the world’s tropical forest regions,
Amazonia is recognized for the significant role it plays in
the global C cycle, and as such has received a considerable
amount of scientific attention (Malhi et al., 2014). However,
the vast majority of previous research effort has concentrated
on Eastern and Central Amazonia, on areas with infertile
soils and areas where more frequent and intense droughts are
expected over this century (Chambers et al., 2004; Quesada
et al., 2010; Gatti et al., 2014). On the other hand, Western
Amazonia has distinctive climatic, ecological, and pedo-
logical characteristics compared to the rest of Amazonia.
Wood productivity (Malhi et al., 2004), nutrient turnover
(Phillips et al., 2004), and total net primary productivity
(Aragão et al., 2009) are all higher in the Western forests
compared to those in the typical Eastern Amazonian forests.
Lowland várzea forests occupy a large proportion of the
Western Amazon, typically becoming flooded as a conse-
quence of a surge in rivers of Andean origin for around six
months of the year, during which the soils are submerged
and nutrient-rich sediments are deposited (Junk et al., 2012).
River hydrological regimes in várzea forests influence se-
veral ecosystem processes, including the C cycle (Bodmer
et al., 2014). Western Amazonia is predicted to experience
a 3%–8% rise in total precipitation, a 9%/18% increase in
the extent of mean/maximum flood events, and lengthening
in the duration of flooding by up to three months by the
end of the 21st century (Langerwisch et al., 2013; Sorribas
et al., 2016; Zulkafli et al., 2016). Despite the potential
implications of these changes for soil C stocks and fluxes, to
the best of our knowledge, no studies have investigated soil C
cycle dynamics in the várzea forests of Western Amazonia.

The aim of the present study was to determine the impact
of flooding and soil moisture changes on soil CO2 efflux rate
(Rs) and SOM decomposition rate (k) in the várzea forests
of Western Amazonia. The underlying hypothesis was that
in terms of both depth and duration, the areas experiencing
more flooding would have lower k and Rs as a consequence
of soil waterlogging (Moyano et al., 2013). The relationship
between volumetric soil moisture, k, and Rs depends on
numerous interacting processes affecting microbial activity,

gas diffusion, and solute transport through the soil pore
space matrix (Cook and Orchard, 2008). In flooded soils,
oxygen is rapidly depleted, thereby severely restricting ae-
robic heterotrophic microbial activity and gas diffusion. As
soil moisture declines (with the decrease in river levels and
increase in soil drainage), soil gas diffusivity and oxygen
concentrations increase, facilitating microbial respiration
and the movement of CO2 to the soil surface, resulting in
increased Rs (Moyano et al., 2013). Therefore, peak values
of Rs typically occur at intermediate soil moisture contents
before declining as soils progressively become drier (Fig. 1).
However, k and Rs are not necessarily affected by soil mois-
ture levels in the same way because while gas diffusion under
waterlogged conditions limits Rs, decomposition may still
occur, particularly in soils with high levels of ferrous com-
pounds, through microbial anaerobic metabolism (Liesack
et al., 2000; Dubinsky et al., 2010).

MATERIALS AND METHODS

Study area

The study was carried out at Tacshacocha (74◦21′ E,
4◦52′ N, 117 m above sea level), a 200-km2 area located
on the Samiria River within the Pacaya Samiria National
Reserve (PSNR), Loreto, Peru (Bodmer et al., 2018). Ex-
tending over 2.08 × 106 ha, the reserve forms a part of
the largest expanse of várzea flooded forests in Western
Amazonia. The reserve has relatively stable air temperatures
(21–31 ◦C) with monthly mean temperatures varying no
more than 1 ◦C across the year. Humidity (80%–100%) and
annual precipitation (1 500–3 000 mm) are also consistently
high with unpronounced seasonality and zero months when
precipitation is below 100 mm (University of East Anglia
Climatic Research Unit et al., 2017; Bodmer et al., 2018).
However, seasonal rainfall in the Andes causes an annual
surge in sediment-rich waters travelling downstream, leading
to an increase in river levels within the reserve by 9.17 ±
1.19 m between October (low water level) and April (high
water level). In extreme years, the rise in river water levels
can flood up to 95% of the reserve by up to ca. 4 m for
several months of the year (Bodmer et al., 2014). Because
flooding is directly associated with river level fluctuations,
it is important to note that a higher level of flooding also
denotes longer flood duration.

Vegetation cover within várzea forests varies according to
fluvial dynamics, affecting both forest structure and species
richness. Vegetation types establish in accordance with flood
tolerance and geomorphological history of the substrate
and are in constant succession depending on recent levels
of exposure to flooding, sedimentation, and erosion from
riverbanks (Wittmann et al., 2004).
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Fig. 1 Schematic illustration of the hypothesized effects of hydrological dynamics on soil moisture conditions and resultant heterotrophic respiration:
predicted control factor (a), subsequent soil conditions (b), and resultant soil C process rates (c). The relationship between volumetric soil moisture and
heterotrophic respiration is the overall result of various interacting effects whose influences are in differing directions, such as those of diffusion limitations
and solute transport. Consequently, a peak tends to occur at intermediate values, indicating optimal soil moisture (adapted with permission from Moyano et al.
(2013)). Rs is the soil CO2 efflux rate.

Gleysols are typical soils in the region (Quesada et al.,
2011), owing to long periods of saturation during which high
levels of ferric iron are reduced to mobile ferrous compounds
(Driessen et al., 2001; Buol et al., 2003). The reduction and
subsequent oxidation of iron has been shown to accelerate
SOM decomposition and contribute to rapid C cycling in
tropical soils, even under periodic anaerobic conditions (Hall
and Silver, 2013), but there have been no studies on this
process in the investigated region. Some peat and clayey
peat soils containing high mean organic C concentrations of
33% have also recently been uncovered within palm swamp
areas at Tacshacocha (Lähteenoja et al., 2012). However,
soils within the investigated area generally remain largely
unstudied and relatively little is known about them.

Experimental design

Data collection took place between May 29 and August
1, 2017, during the transition between high and low water
once the flooding had subsided. Nine 10-m2 plots were
established, with three replicates of non-flooded, low, and
high flood height categories dispersed across the research
area. Flood height categories were established based on clear
watermarks left on tree trunks from flooding. Non-flooded
sites did not flood in 2017, whereas low and high flood height
categories flooded on average 8 and 63 cm above the mineral
soil, respectively. Additionally, using watermarks left by a
record flood in 2012, it was determined that each category
experiences a mean difference in annual high water level of
54 cm.
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Determination of k and Rs

Determination of k within each plot followed the Tea
Bag Index (TBI) protocol (Keuskamp et al., 2013). Three
pairs of Lipton rooibos and green tea bags were buried 8-cm
deep in a triangle formation within each plot. Incubation
periods lasted 43–62 d, after which k was calculated using
the method described in Keuskamp et al. (2013).

Soil CO2 efflux was measured in each plot every five
days between June 14 and August 1 using static closed res-
piration chambers (Davidson et al., 2002; Pumpanen et al.,
2004). Full details of the chambers and the method can be
found in Thomas (2012) and Thomas et al. (2018). Within
each plot, three chambers were placed approximately 5 m
apart in a triangle formation (within 1 m of the tea bag pairs
where possible), avoiding placement within 1.5 m of any
trees with diameter at breast height (DBH) > 5 cm (DBH
was measured at approximately 1.3 m above the ground).
Chambers enclosed 83 cm2 of soil and ranged 454–695 mL
in volume, depending on insertion depth. Two-way vent
valves on the chamber lids ensured that any pressure diffe-
rences between the chamber and atmosphere were minimal
and rapidly equilibrated. Heat sinks mounted through the
chamber walls ensured that the internal air temperatures
were not elevated above the ambient temperature. In order
to minimize the impacts of chamber placement on Rs, in
preliminary experiments, we determined the appropriate
length of resting time between chamber placement and mea-
surements. Accordingly, the chambers were placed in the
ground in early morning between 7:00 a.m.–9:00 a.m. and
left for at least two hours before taking the readings between
10:00 a.m.–1:00 p.m. In order to avoid differences because
of spatial variations within the plots, the chambers were con-
sistently placed in the same location within each plot. Each
measurement cycle involved creating an artificial breeze
above the chamber to remove any accumulated CO2, placing
the lid onto the chamber, and extracting three air samples of
10 mL using a gas syringe immediately and after one and two
minutes. Prior to gas extraction, the air within the chamber
was mixed by gently pumping the syringe. Air sample CO2

concentrations were determined using an EGM-4 infrared
gas analyzer (PP Systems, USA). In order to correct the
effect of any unnatural retardation in diffusion due to the
accumulation of CO2 inside the chamber, a diffusion cor-
rection factor was applied (for details see Thomas (2012)).
Equations described in Kutzbach et al. (2007) were used to
determine mass C flux from the diffusion-corrected changes
in CO2 concentration normalized to mean temperature and
pressure during measurement. At the time of sampling, air
temperature was recorded using a USB502 logger (Adept
Science, UK), while soil temperature and volumetric soil
moisture within the top 5 cm of mineral soil were measured
using a multifunction thermometer probe and an SM150 soil
moisture probe (Delta-T Devices Ltd., UK), respectively.

Meteorological data collection

A static USB502 data logger at Tacshacocha logged the
ambient temperature and humidity under the canopy every
half hour throughout the data collection period. Precipitation
measurements using a rain gauge were collected at 7:00 a.m.
daily from June 16 to August 1, and measurements of river
level (relative to sea level) were obtained from the nearest
hydrological station at San Regis, located further down the
Marañon River (SEHINAV, 2017).

Vegetation and soil assessment

Vegetation inventories of all trees with DBH > 10 cm
were produced, whilst the number of saplings taller than 1.5m
but with DBH6 5 cm was counted in all plots. Additionally,
at five points within each plot, understory density (using a
3-m touch pole with 30-cm intervals) and canopy openness
(Brown et al., 2000) were measured. The decomposition
layer was defined as the dark decaying matter above the
mineral soil. Thicknesses of leaf litter layers (consisting of
recently fallen leaves) were determined using a ruler against
a section cut into the soil. Flood heights were measured from
markings on at least three trees within each plot in 2017 and
2012 when record water levels were recorded.

Triplicate soil samples were collected from each plot
four times throughout the fieldwork at 5–8 cm depth from
the surface of mineral soil next to the teabag sites using a
small plastic tube equating to a known volume of 18.85 cm3.
Samples were air-dried and their masses were determined for
bulk density calculation (Rowell, 2014). The triplicate sam-
ples were composited and pH was determined at soil:water
ratio of 1:2.5 using a digital pH probe after shaking for
15 min (Rowell, 2014). Total C, nitrogen (N), and C:N ra-
tio were also determined using the composited sample in
the laboratory using a Leco TruSpec total element analyzer
(Leco Instruments Ltd., UK). Lastly, total C stocks for the
8-cm layer were calculated for each triplicate sample using
previously determined bulk densities and C contents.

Statistical analysis

Normality tests were carried out on all dependent vari-
ables using the QQ-norm plot and Shapiro Wilks test. Ve-
getation and soil characteristics were compared across flood
height categories by one-way analysis of variance (ANOVA)
and post-hoc Tukey test if significant. Repeated measures
ANOVA was conducted to test for differences in k and Rs

across flood height categories. The repeated measures func-
tion was applied to resolve non-independencies and account
for the variance due to repeats within each plot (teabag
pairs and respiration chambers) and over time (for Rs de-
termination only). Residual plots were visually inspected to
make sure that model assumptions were satisfied. When the
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analysis was significant, a Tukey post-hoc comparison of
means was ran to further evaluate the relationship between
different flood heights.

In order to test the effect of variable hydrological con-
trols on Rs, we analyzed river level, precipitation, and soil
moisture data. Firstly, linear regressions were used to test for
relationships between soil moisture vs. flood height, river
level, and precipitation separately. Flood height was the
only variable found to interact with soil moisture, which is
why subsequently, both bivariate and multivariate models
for river level, precipitation, and soil moisture were fitted
against Rs using linear regression for the whole dataset, and
then for each flood height category individually.

In order to determine the effect of other variables po-
tentially influencing k and Rs, linear regressions were run
individually on each of the following variables: soil tempe-
rature, air temperature, pH, bulk density, total C, total N,
C:N ratio, leaf litter thickness, decomposition layer thick-
ness, soil moisture, river level, and flood height. Exhaustive
linear regression was then undertaken on significant vari-
ables (excluding air temperature and flood height because
of their interactions with soil temperature and soil moisture,
respectively) in order to test all subset combinations and
find the best explanatory model. Selection of the best model
was based on the highest R2 value with least variables for
both k and Rs separately. Models were then cross-checked
through stepwise elimination by comparing maximal with
reduced models in order to confirm that each variable was
significantly informative for the model. Definitive models
were checked to ensure that model assumptions were met.
Finally, relative weights tests were applied to reveal the re-
lative ability of each variable in explaining variance in k and
Rs. All analyses were carried out in R (R Core Team, 2016)
using the lme4 (Bates et al., 2015), lmertest (Kuznetsova et
al., 2016), multcomp (Hothorn et al., 2008), leaps (Lumley,
2017), car (Fox and Weisberg, 2011), relaimpo (Gröemping,
2006), and ggplot2 (Wickham, 2009) packages.

RESULTS

Climate conditions and vegetation and soil characteristics

Air temperature and relative humidity were relatively
constant, averaging 24.7± 2.1 ◦C and 96% ± 4.4%, respec-
tively, from May 31 to August 1. Rainfall occurred on 13 of
the 48 recorded days, with the mean daily rainfall of 4.4 mm
and the largest single daily event of 45 mm (Fig. 2). River le-
vels dropped nearly 5 m during the study period (Fig. 2). Soil
moisture was not significantly (P > 0.05) correlated with
river level or precipitation, whereas flood height significantly
(adjusted R2 = 0.33, P < 0.001) affected soil moisture,
with the high flood height plots consistently maintaining

Fig. 2 Changes in Marañon river level (line), precipitation events (co-
lumns), and volumetric soil moisture (circles) within the top 5 cm of mineral
soil across the three flood height categories of high flood (black circles),
low flood (gray circles), and non-flooded (white circles) at Tacshacocha,
Peru during the experiment period from June 14 to August 1, 2017.

significantly higher soil moisture compared to the other two
flood height categories (Fig. 2, Table I).

AccumulatedDBH significantly increased as flood height
decreased, whereas leaf litter layer thickness, decomposition
layer thickness, and soil moisture at both 5–8 and 0–5 cm
depths increased significantly with the increase in flood
height. Additionally, soil pH and C:N ratio decreased as
flood height increased, although neither were significant
(Tables I and II).

Influence of flood height on Rs and k

There was no significant difference (P > 0.05) in k

across flood heights (Fig. 3a). However, flood height signi-
ficantly (F2,26 = 6.79, P < 0.01) affected Rs, with mean
Rs increasing at ca. 10 mg C m−2 h−1 as flood height de-
creased (Fig. 3b). Post-hoc comparisons revealed significant
differences (P < 0.001) in Rs between the non-flooded
and high flood categories, but not (P > 0.05) between the
non-flooded and low flood ones or the low and high flood
ones.

When tested against flood height categories separately,
river level was better at explaining Rs than soil moisture for
both sites that were flooded (high and low flood heights)
(Fig. 4a, b, e, f). Conversely, for non-flooded sites, Rs was
best explained by soil moisture (Fig. 4c, g). When all flood
height categories were combined, Rs showed a significant
positive relationship with river level but a significant nega-
tive relationship with soil moisture (Fig. 4d, h). Overall, a
combination of river level and soil moisture provided the
best explanatory models for Rs in terms of the adjusted R2

value for all the flood height categories.
No significant relationships were found between any

other variables tested (listed above in the statistical analysis
section) and k. However, Rs showed significant positive
relationships with soil temperature, air temperature, and C:N
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TABLE I

Soil characteristics across flood height categories at Tacshacocha, Peru during the experiment period from June 14 to August 1, 2017

Itema) Flood height category Statistics

Non-flooded Low flood High flood F2,6 value P value

Leaf litter layer thickness (cm) 1.02 ± 0.13b) 1.00 ± 0.25 1.49 ± 0.17 6.542 0.031c)
Decomposition layer thickness (cm) 0.48 ± 0.56 0.72 ± 0.33 1.78 ± 0.60 5.450 0.045d)
Mineral soil layer (0–5 cm)

Volumetric soil moisture (%) 49.27 ± 4.47 51.55 ± 0.25 58.39 ± 3.06 6.895 0.028d)
Soil temperature (◦C) 24.11 ± 0.23 24.41 ± 0.09 24.27 ± 0.35 1.041 0.409

Mineral soil layer (5–8 cm)
pH 5.04 ± 0.51a) 4.99 ± 0.16 4.75 ± 0.27 0.591 0.583
Bulk density (g cm−3) 1.06 ± 0.07 1.07 ± 0.03 0.94 ± 0.11 2.640 0.151
Total C (g kg−1) 15.27 ± 2.61 13.93 ± 5.17 18.08 ± 8.09 0.409 0.681
Total N (g kg−1) 1.60 ± 0.15 1.55 ± 0.34 2.08 ± 0.72 1.227 0.357
C:N ratio 9.44 ± 0.95 8.71 ± 1.22 8.46 ± 0.85 0.742 0.515
Total C store (t C ha−1) 16.18 ± 1.68 14.77 ± 5.06 16.43 ± 5.70 0.891 0.118
Volumetric soil moisture (%) 33.23 ± 4.94 39.21 ± 3.35 48.43 ± 6.61 6.661 0.029d)
Soil temperature (◦C) 24.28 ± 0.24 24.74 ± 0.08 24.61 ± 0.43 2.081 0.206

a)Litter data are mean values of measurements from the four corners and the centre of each plot, and soil temperature and moisture data for the 0–5 cm
mineral soil layer are means of all measurements (30) per plot during soil CO2 efflux determination.
b)Mean ± standard deviation (n = 3).
c)Significantly different between the low flood and high flood or between the non-flooded and high flood categories only.
d)Significantly different between the non-flooded and high flood categories only.

TABLE II

Vegetation characteristics across flood height categories at Tacshacocha, Peru during the experiment period from June 14 to August 1, 2017

Item Flood height category Statistics

Non-flooded Low flood High flood F2,6 P

Flood height in 2017 (cm) 0.0 ± 0.0a) 8.0 ± 12.1 62.7 ± 8.0 49.66 < 0.001
Record flood height in 2012 (cm) 31.0 ± 6.9 84.7 ± 16.7 138.7 ± 8.0 66.54 < 0.001
Number of trees (DBHb) > 10 cm) per 10 m2 9 ± 1 6 ± 1 6 ± 3 3.00 0.125
Average tree DBH (> 10 cm) (cm) 21.5 ± 4.37 28.6 ± 6.77 16.1 ± 2.90 4.80 0.057
Tree diversity index 0.63 ± 0.24 0.93 ± 0.12 0.75 ± 0.08 2.61 0.153
Accumulated DBH (> 5 cm) per 10 m2 (cm) 234 ± 22 208 ± 27 152 ± 31.5 7.03 0.026c)
Number of saplings (DBH < 5 cm, height > 1.5 m) per 10 m2 22 ± 7 15 ± 12 13 ± 4 0.98 0.430
Understory density (%) 32.2 ± 6.9 37.8 ± 13.5 38.9 ± 7.7 0.40 0.690
Canopy openness (%) 11.2 ± 4.5 15.2 ± 0.8 9.7 ± 0.8 3.40 0.103

a)Mean ± standard deviation (n = 3).
b)DBH = diameter at breast height.
c)Significantly different between the non-flooded and high flood categories only.

Fig. 3 Boxplots showing soil organic matter decomposition rates (k) (a) and soil CO2 efflux rates (Rs) (b) across the three flood height categories at
Tacshacocha, Peru during the experiment period from June 14 to August 1, 2017. Boxes show 25–75 percentiles, vertical lines show 10–90 percentiles,
horizontal lines within boxes are medians (n = 90), and points outside the boxes represent outliers.

ratio, and significant negative relationships with leaf litter
layer thickness and decomposition layer thickness (Table III).

Exhaustive linear regressions of significant variables
revealed that a five-variable model (soil moisture, river level,
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Fig. 4 Relationships between soil CO2 efflux rate (Rs) and river level (a–d) and volumetric soil moisture (e–h) for the high flood (a and e), low flood (b and
f), non-flood (c and g), and all the sites together (d and h). Adjusted R2 (Adj. R2) and P values are shown for individual bivariate analysis within each graph,
while multivariate analyses combining the effects of river level and soil moisture on Rs are between the two graphs of each flood category.

TABLE III

Linear regression outputs for significant influencing parameters vs. soil
CO2 efflux rate (Rs) at Tacshacocha, Peru

Influencing parameter Slope
coefficient

Adjusted
R2

P
value

C:N ratio 7.62 0.05 0.01
Leaf litter layer thickness (cm) −3.40 0.10 0.001
Decomposition layer thickness (cm) −1.40 0.11 < 0.001
Soil temperature (◦C) 16.17 0.14 < 0.001
Air temperature (◦C) 4.24 0.05 0.020
Volumetric soil moisture (%) −2.49 0.34 < 0.001
River level (m) 7.12 0.18 < 0.001
Flood height category −11.5 0.10 0.001

soil temperature, decomposition layer thickness, and C:N
ratio) provided the best explanation of Rs (adjusted R2 =
0.622, P < 0.001). However, the comparison of maximal
and reduced models showed that the soil temperature, de-
composition layer thickness, and C:N ratio did not make
significant contributions (P > 0.05), leaving the definitive
model (Eq. 1) with soil moisture and river level as predictor
variables (F2,87 = 69.25, adjustedR2 = 0.605, P < 0.001):

Rs = −815− 2.76SM+ 8.42RL (1)

where SM is the soil moisture (%) and RL is the river level
(m). Relative weights tests of the definitive model (Eq. 1)
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showed adjustedR2 of 0.388 and 0.226 for soil moisture and
river level, respectively, indicating that the former was the
most important variable when predicting Rs.

DISCUSSION

The Rs at Tacshacocha varied greatly both between
and within sites. Although the highest Rs values in the
present study were within the previously reported range of
146 ± 76 mg C m−2 h−1 for tropical forests across the
globe (Bond-Lamberty and Thompson, 2010), the average
Rs was consistently lower. However, the Rs values in the
present study were higher than previously reported rates
of 12.52–20.75 mg C m−2 h−1 from Western Amazonia
(del Aguila-Pasquel et al., 2014; Malhi et al., 2014). These
comparisons suggest that there are large spatial and temporal
variations inRs both within Western Amazonia and between
Western Amazonia and other tropical forests, implying that
existing calculations could be overestimating the current
Rs for global tropical forests. The k values were similarly
variable butwithin the lower range observed in tropical forests
with comparable mean annual temperature and precipitation
(Taylor et al., 2017).

Changes in Rs and k with flood height

The significantly higher Rs at the non-flooded sites
than those at the flooded sites can likely be explained by
a combination of interacting factors. The most important
of them is the impedance of gas transport within the soil
both during and after waterlogging through a combination
of replacement of air within soil pores by water, damage
of soil structure (Vincent et al., 2006), and clogging of
pore spaces with fine sediment deposits. High levels of
water at the soil surface could also create a soil-atmosphere
barrier, further inhibiting the diffusion of CO2 from the
soil to the atmosphere (Kursar, 1989; Sotta et al., 2004).
In turn, reduced gas movement limits oxygen availability
for biological activity and consequently lowers Rs (Dreyer,
1994). Furthermore, an increase in vascular plant coverage
associated with areas that tend to flood less could increaseRs

as a consequence of increased root respiration (Malhi et al.,
2014). There was a significant increase in accumulated DBH
from non-flooded to high flood height categories, suggesting
that root respiration could have been a contributing factor to
the observed increase in Rs; however, no other vegetation
variables followed this pattern, indicating that root exclusion
experiments would be necessary to demonstrate any influence
on Rs from root respiration at these sites.

In contrast, the lack of significant difference in k across
flood height categories could indicate that decomposition
is continuing anaerobically under saturated conditions. Fur-
ther analysis would be necessary to confirm this, and we

suggest that this could be possible because of the likely
high abundance of ferrous compounds indicated by the rust
colour running through the soils (personal observations),
accompanied by iron-reducing and oxidizing bacteria, which
have been found to account for large proportions of SOM
decomposition in similar soils with fluctuating redox condi-
tions (Dubinsky et al., 2010; Hall and Silver, 2013). Smaller
dataset in comparison to Rs in this study, and the variable
nature of decomposition evenwithin small distances (Prescott
et al., 2000), could be contributing to the lack of observable
differences in k across flood height categories, but ne-
vertheless it appears probable that decomposition processes
and soil CO2 emissions are decoupled, at least temporarily.
Importantly, if a greater proportion of microbial decompo-
sition occurs anaerobically as flood heights increase, CO2

production could decrease and the production of other green-
house gases, such as CH4, could increase (Liesack et al.,
2000; Megonigal et al., 2004).

Rs and other hydrological controls

Firstly, it is important to note that flood height appeared
to be the dominant influence on soil moisture, which is likely
because of the lasting effect that frequent flooding has on
soil structure and water-holding capacity (Vincent et al.,
2006). The decrease in Rs with increasing soil moisture
was expected because of the well documented effect of
saturation on both biological activity and the movement
of gas through soils (Cook and Orchard, 2008; Moyano et
al., 2013). However, this relationship was not as clear in
areas that had undergone flooding during high water season.
This can be explained, at least in part, because soil moisture
varied much less in the plots that had been flooded than
in those that had not, limiting the range over which the
relationship was observable. The Rs at the flooded sites
was, however, more strongly correlated with river level as
compared with non-flooded sites. The fact that Rs decreased
as river levels receded at the sites that had flooded was
unexpected and contradicted previous findings on seasonally
flooded soils (Vincent et al., 2006). The most plausible
explanation for this is that as river levels drop, DOM and
dissolved minerals within the soil solution are leached out
and become inaccessible for microbial activity (Neff and
Asner, 2001). Furthermore, the initially high Rs could be
a consequence of the availability of nutrients in freshly
deposited sediments, which would diminish throughout the
terrestrial phase (Cook and Orchard, 2008). It should also be
mentioned that sediment replenishment from flooding might
also be influencing Rs through changing soil nutrient and
mineral status or blocking soil pores (Cook and Orchard,
2008); however, a detailed physio-chemical analysis of this
soil was beyond the scope of the present study.
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These results imply that a combination of hydrologi-
cal factors, working in opposing ways, is influencing the
variation in Rs in várzea forests, at least in the transition
from high to low water level. However, considering that a
relationship between river level and Rs has not previously
been observed in this way, the complicated nature of these
findings warrants further investigation over a longer period
and across several seasons in order to unravel the complex
interactions between flooding, soil moisture, and C cycling
processes.

CONCLUSIONS

Soil moisture was the most important factor influencing
Rs and that it was dominantly influenced by maximum
annual flood height, with areas that experienced higher
flooding depth consistently maintaining significantly higher
soil moisture even after the floods receded. Considering
that the flood height can vary up to 4 m in várzea forests
and that the difference in annual water level between flood
height categories in this study was only ca. 0.54 m, this
highlights the significant effect that a small change in flood
intensities could have on the release of CO2 from these
soils in the future. If, as predicted, flooding does increase
in height and last longer, várzea forest soils may emit less
CO2 overall throughout the terrestrial phase. Decomposition
of SOM, however, did not change significantly across the
same categories, indicating the occurrence of anaerobic
microbial activity. Anaerobic processes can produce other
volatile C and N metabolites, which would contribute to
the overall global warming potential of várzea soil gas
emissions. Accordingly, future research should incorporate
measurements of other greenhouse gases in order to gain
a more in-depth understanding of how changes in flooding
intensities might affect future soil emissions from várzea
forests.
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