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When water bodies with unique biogeochemical constituents mix together there is
potential for diverse responses by aquatic microbial communities and associated
ecosystem functions. Here we evaluate bulk respiration under varying mixtures of turbid
Amazon River water and two lowland tributaries—the Tapajós and Xingu rivers—based
on O2 drawdown in dark rotating incubation chambers. Experiments containing 5, 17,
33, and 50% tributary water mixed with Amazon River water were performed for the
Tapajós and Xingu rivers at three different rotation velocities (0, 0.22, and 0.66 m s−1)
during the falling water period. Pseudo first order reaction coefficients (k′), a measure
of respiration potential, ranged from −0.15 to −1.10 d−1, corresponding to respiration
rates from 1.0 to 8.1 mg O2 L d−1. k′-values consistently increased with the rate of
chamber rotation, and also was generally higher in the tributary-mainstem mixtures
compared to pure endmembers. For both the Tapajós and Xingu rivers, the 17% mixture
of tributary water yielded maximal k′-values, which were up to 2.9 and 2.2 times greater
than in the tributary endmembers, respectively. The 50% mixtures, on the other hand,
did not result in large increases in k′. We hypothesize that enhanced respiration potential
after mixing unique water is driven, in part, by microbial priming effects that have been
previously identified on a molecular level for these rivers. The results of this study suggest
that there may be an optimal mixture for priming effects to occur in terms of the relative
abundance of “priming” and “primed” substrates.

Keywords: respiration, aquatic, priming, carbon, mixing

INTRODUCTION

Freshwater ecosystems contain a diverse mixture of material and biological organisms linked to
both the landscape through which water has previously flowed and processes occurring in situ
(Ward et al., 2017). These complex and dynamic biogeochemical conditions allow for rapid
processing of organic matter (OM) that results in high rates of CO2 outgassing from inland
waters (Raymond et al., 2013; Sawakuchi et al., 2017) and a relatively short residence time of OM
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(i.e., several years) relative to soils and sediments (Catalán
et al., 2016). Since the recognition that large amounts of OM
traveling through inland waters could not be entirely accounted
for Hedges et al. (1997), Richey et al. (1980), a wide body of
research has emerged seeking to understand how the cycling of
OM in inland waters influences ecosystem level properties such
as CO2 (Cole et al., 2007) and dissolved O2 (DO) (Holtgrieve
et al., 2010; Hotchkiss and Hall, 2014), and the role of specific
molecular transformations in driving these cycles (Ward et al.,
2013; Riedel et al., 2016).

It is becoming increasingly recognized that in order
to fully understand the role of inland waters on global
biogeochemical cycles we must evaluate processes occurring
along the entire continuum—from headwaters to the sea
(Vannote et al., 1980; Medeiros et al., 2015; Feng et al.,
2016). While comprehensive studies of river continua are
becoming more widespread (e.g., Seidel et al., 2016; Duan et al.,
2017), there are fairly limited environmental and experimental
observations for what happens when unique water bodies
converge. For example, mixing zones such as river confluences
and river plumes are hypothesized to be hotspots for OM
cycling due to processes such as “priming effects,” whereby
the decomposition of less reactive OM is stimulated by the
presence of highly reactive material such as algal exudates
(Bianchi, 2011; Bianchi et al., 2015). There is currently no
consensus on how priming effects influence aquatic carbon
cycling, with diverse responses observed in a variety of settings
(Bengtsson et al., 2018).

The aim of this study is to evaluate how OM cycling
varies when algal-rich clearwater tributaries mix with the
turbid Amazon River mainstem, containing an abundance of
terrestrially derived OM (Seidel et al., 2015). We specifically
examine microbial respiration rates, measured as the drawdown
of DO in dark incubation chambers, in varying mixtures of
tributary and mainstem waters. Experiments were conducted in
spinning incubation chambers at various rotational velocities to
replicate different mixing rates associated with river flow.

MATERIALS AND METHODS

Experiments were performed in the lower Amazon River during
the rising water period (February 21–28, 2016). Sampling sites
included Óbidos, the furthest downstream gauging station in
the Amazon River mainstem without observable tidal effects;
Almeirim, which is a mainstem site roughly halfway between
Óbidos and the Amazon River mouth; and two clearwater
tributaries, the Tapajós and Xingu rivers (Figure 1). River
discharge obtained from the Agencia Nacional de Aìguas (ANA)
was 119,107 m3 s−1 at Óbidos on the day of sampling, compared
to < 1,000 to m3 s−1 and 3,185 m3 s−1 for the Tapajós and
Xingu rivers, respectively. Geochemical conditions including
water temperature, conductivity, pH, fine suspended sediments
(FSS), dissolved organic carbon (DOC), and total dissolved
nitrogen (TDN) were measured in the middle of each channel
at the surface and 50% depth (Table 1) according to methods
described by Ward et al. (2015).

Incubation experiments were performed in custom chambers
with a volume of 2.85 L, which were wrapped in reflective tape
to maintain darkness. DO drawdown was monitored inside the
chamber at a 30 s interval for 2–24 h using a YSI Exo 2 sonde
with an optical DO probe inserted into the chamber prior to
filling. To test the effects of sample disturbance on respiration,
the chambers were affixed to a Marconi spin plate and rotated
at the minimum and maximum available speeds—20 and 60 rpm,
which is equivalent to a rotational velocity of 0.22 and 0.66 m s−1,
respectively. A total of five chambers were used per experiment—
two per rotational velocity and one that was held stationary on
the floor of the ship. A detailed description and photos of the
experimental chambers can be found in Ward et al. (2018).

To test how respiration varies when two rivers mix along
their confluence, we performed experiments first using water
collected from each pair of river endmembers independently—
Óbidos and the Tapajós River and Almeirim and the Xingu River.
In this case surface waters were collected using a Rule bilge pump
with the chambers allowed to overflow ∼3 times their volume,
and incubations typically lasted ∼24 h. We then performed
experiments after mixing water from each endmember (in the
case of the Tapajós experiment we used water collected just
upstream of the city of Santarém rather than Óbidos for the sake
of logistics). Experiments were performed with mixtures of 17,
33, and 50% tributary water by volume for both the Tapajós and
Xingu rivers. For the Tapajós River we performed an additional
experiment with 5% tributary water (95% Amazon River water).
To make the mixtures we collected numerous 20 L carboys and
poured these into large coolers, attempting to limit aeration while
pouring. The chambers were then submerged into the cooler to
fill and shaken to dislodge any bubbles. These experiments were
run for 2–6 h so that more mixtures could be tested in the same
day. DO drawdown was linear in all experiments regardless of
incubation time.

To quantify differences in respiration in the mixtures
compared to the endmembers without interference from different
initial DO concentrations (Table 2) we assumed that DO
consumption followed pseudo first order reaction kinetics
according to Dai et al. (2006):

−
d [O2]

dt
= k · [M] · [O2] = k

′

· [O2] (1)

where [O2] is the DO concentration, t is incubation time, k is the
integrated reaction coefficient for all DO consuming reactions,
[M] is the concentration of bioavailable substrates, and k′ is
the pseudo first order reaction coefficient assuming a constant
concentration of bioavailable substrates. k′ was calculated based
on the following equation and reported in d−1 units:

ln[O2] = − k
′

· t + A (2)

where A is a random constant. k′ was calculated in Microsoft
Excel by performing a linear regression on natural log
transformed DO data, where k′ is the slope. The linear regression
fit (R2) was used to determine uncertainty, which was propagated
with variability between duplicate chambers and reported as ± 1
SD. Respiration rates (mg O2 L−1 d−1) were then calculated
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FIGURE 1 | (A) Incubation experiments were performed using water collected from the Amazon River mainstem at Óbidos and Almeirim and in two clearwater
tributaries—the Tapajós and Xingu rivers. (B) Water collected in the Amazon River mainstem was also mixed with water from the Tapajós (top) and Xingu rivers
(bottom) on the days pictured. Pseudo first order reaction coefficients (k′) were measured for these different mixtures at three rotational velocities for the (C) Tapajós
and (D) Xingu rivers and used to calculate respiration rates (E,F). Error bars represent ± 1 standard deviation calculated by propagating uncertainty in our
calculations and variability between replicates (n = 2 for rotating chambers and n = 1 for stationary chamber).

TABLE 1 | Initial conductivity (cond), water temperature, pH, fine suspended sediments (FSS), dissolved organic carbon (DOC), and total dissolved nitrogen (TDN) at
each sampling site.

Sampling site Cond. (µS cm−1) H2O Temp (◦C) pH FSS (mg L−1) DOC (mg L−1) TDN (mg L−1)

Óbidos 89.2 ± 3.1 30.6 ± 0.4 6.75 ± 0.05 153 ± 12 4.7 ± 0.2 0.24 ± 0.04

Almeirim 75.5 ± 3.8 30.2 ± 0.3 6.63 ± 0.15 132 ± 13 4.5 ± 0.2 0.26 ± 0.03

Tapajós River 17.9 ± 0.0 30.6 ± 0.2 5.98 ± 0.11 14 ± 1 5.1 ± 0.2 0.28 ± 0.02

Xingu River 21.3 ± 0.1 29.8 ± 0.3 5.64 ± 0.08 4 ± 2 3.8 ± 0.1 0.27 ± 0.02
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based on initial DO concentrations according to Eq. 1. k′-values
are reported for the 0.66 m s−1, 0.22 m s−1, and stationary
chambers as k3x, k1x, and kStat, respectively.

Differences between k′ values and initial geochemical
conditions were evaluated using unpaired t-tests for statistical
significance and marginal significance with a 95 and 90%
confidence interval, respectively. The correlation between k′ and
initial DO was tested based on linear regression.

RESULTS

Initial Conditions
Conductivity, pH, and FSS were significantly higher (p < 0.05) in
the Amazon River mainstem (Óbidos and Almeirim) compared
to the Xingu and Tapajós rivers, whereas no significant difference
was observed for water temperature, DOC, and TDN (p > 0.10;
Table 1). Prior to incubating, average DO concentrations in the
experimental chambers were lowest at Óbidos (5.9± 0.1 mg L−1)
and highest in the Tapajós River (7.1 ± 0.2 mg L−1; Table 2).
Each site had significantly different initial DO concentrations
from one another (p < 0.05) with the exception of Almeirim
(6.5 ± 0.3 mg L−1) versus the Xingu River (6.3 ± 0.2 mg
L−1; p > 0.05). The Xingu-Amazon mixture experiments all had
elevated initial DO concentrations compared to the pure river
endmembers (p < 0.05) likely due to aeration. For the Tapajós-
Amazon mixture experiments, initial DO was significantly higher
in all of the mixed samples compared to Óbidos (p < 0.05),
but only significantly higher than the Tapajós River for the 50%
mixture (p < 0.05) and not the other mixtures (p > 0.10).

First-Order Reaction Coefficients and
Respiration Rates
Across all incubations k3x, k1x, and kStat varied from −0.40 to
−1.10 (mean = −0.59) d−1, −0.21 to −0.85 (mean = −0.37)
d−1, and −0.15 to −0.38 (mean = −0.27) d−1, respectively
(Figure 1). k3x was significantly higher (i.e., more negative) than
k1x and, likewise, k1x was significantly higher than kStat (p< 0.05).
When multiplied by initial DO concentrations, these k′-values
correspond to respiration rates of 2.6 to 8.1 (mean = 4.2) mg O2
L−1 d−1, 1.3 to 6.1 (mean = 2.0) mg O2 L−1 d−1, and 1.0 to 2.9
(mean = 2.0) mg O2 L−1 d−1 for chambers rotated at 0.66, 0.22,
and 0 m s−1, respectively.

Óbidos had a 1.1 times greater k3x-value than the Tapajós
River (p < 0.05) and the Xingu River had a 1.2 times greater
average k1x-value than Óbidos (p < 0.10). There were no other
significant differences between the endmember k′-values. For all
four of the different Tapajós-Amazon mixtures combined, k3x
and k1x were 1.6 and 1.8 times greater than for the pure Tapajós
River water, respectively, and 1.5 and 1.6 times greater than at
Óbidos (p < 0.05). kStat was also 1.5 and 1.6 times greater in
the Tapajós-Amazon mixtures compared to Tapajós River and
Óbidos endmembers, respectively, but the lack of duplicates
resulted in statistical insignificance (p > 0.10). For all three
Xingu-Amazon mixtures combined, k1x was 1.7 and 1.4 times
higher than at Almeirim and in the Xingu River, respectively

TABLE 2 | Average ( ± 1 SD) initial dissolved O2 (DO) concentrations for
each experiment.

Water mixture Initial DO (mg L−1)

100% Óbidos 5.9 ± 0.1

100% Tapajós River 7.1 ± 0.2

95% Amazon + 5% Tapajós 7.1 ± 0.2

95% Amazon + 5% Tapajós 7.5 ± 0.2

95% Amazon + 5% Tapajós 7.3 ± 0.2

95% Amazon + 5% Tapajós 7.5 ± 0.2

100% Almeirim 6.5 ± 0.3

100% Xingu River 6.3 ± 0.2

83% Amazon + 17% Xingu 7.6 ± 0.2

67% Amazon + 33% Xingu 7.6 ± 0.2

50% Amazon + 50% Xingu 7.7 ± 0.4

(p < 0.05), whereas the other rotational velocities were not
statistically different than the endmembers (p > 0.10).

For both the Tapajós (p < 0.05) and Xingu (p < 0.10)
rivers, the 17% mixture of tributary water yielded maximal k1x-
values, which were 2.9 and 2.2 times greater than k1x in the
tributary endmembers, respectively. For the Tapajós-Amazon
experiments, k3x was highest in the 5% mixture with a k3x 1.8
times greater than pure Tapajós River water (p < 0.05). k′-values
were not statistically different between the pure endmembers
and the 50 and 33% Tapajós-Amazon mixtures for all rotational
velocities (p > 0.10). When considering all incubations, there
was no correlation between initial DO concentrations and
k3x, k1x, or kStat (R2 = 0.07, 0.15, and 0.18, respectively).
Calculated respiration rates followed the same trend as k′-
values (Figure 1), and the difference between endmembers and
mixtures was generally greater considering the mixtures had
elevated DO concentrations compared to the endmembers, as
previously described.

DISCUSSION

Calculating pseudo first order reaction coefficients is a useful
approach for comparing aquatic respiration potential between
sites, along gradients, and under different experimental regimes
without interference from factors such as aeration when sampling
but has not been widely used in river systems. For example,
k′-values of −0.29 to −0.72 (mean = 0.51) d−1 have been
reported for the upper Pearl River estuary (Dai et al., 2006;
Zhai unpublished data), which is similar to our observed range
of endmember k3x-values of −0.40 to −0.65 (mean = −0.49)
d−1, and lower than our mixture experiment k3x-values of−0.42
to −1.10 (mean = −0.67) d−1. In the case of both studies,
experiments were performed in aerobic conditions, however, it is
well known that the specific proton and electron donors involved
with respiration in soils, sediments, and water bodies shift as
DO levels drop below levels suitable for aerobic respiration
(e.g., ∼0.3 mg L−1), altering pathways and rates of microbial
respiration (del Giorgio and Williams, 2005).

Considering DO was not a limiting factor in our experiments,
we hypothesize that the amplified respiration rates we observed
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when waters were mixed were related to a variety of factors
linked to the unique geochemical constituents and microbial
communities present in the two bodies of water that drive
processes such as priming effects. TDN and DOC levels were not
significantly different between sites, thus, nutrient or substrate
limitation is not a likely driver for the amplified k′-values. The
relatively small range of conductivity and pH between sites
likely also did not exert strong differences in respiration when
mixed. Our results show that regardless of what water was used,
respiration rates are directly linked to the velocity at which
samples are rotated, similar to findings by Ward et al. (2018). It
was hypothesized that this linkage between velocity and aquatic
metabolism occurs as a result of interactions between suspended
particles, dissolved constituents, and free-living and particle-
bound microbes considering that the presence of particles have
been shown to play an important role in microbial activity and
priming effects, or lack thereof Catalán et al. (2015).

Metatranscriptomic data from the lower Amazon River has
shown that particle bound microbes are more metabolically active
than free-living counterparts (Satinsky et al., 2015, 2017) even
though the microbial assemblage is fairly similar between these
two communities in the lower Amazon River (Doherty et al.,
2017) in contrast to some other river (Crump et al., 1999), lake
(Parveen et al., 2011), and marine settings (Kellogg and Deming,
2009). While microbial communities are very similar along the
lower Amazon River mainstem, dominated by Actinobacteria
and Betaproteobacteria, the Tapajós River contains a higher
abundance of Cyanobacteria (∼12%) compared to the Amazon
River (∼5%) (Doherty et al., 2017). Thus, mixing tributary and
Amazon River waters likely yielded a more diverse microbial
community. An experimental study showed that the presence of
different organic substrates can cause shifts in marine microbial
community composition and functional gene abundance; for
example, when both algal- and sediment-derived OM were added
together, 23 functional genes associated with aromatic carbon
decomposition were found that were not present when these two
substrates were added independently (Ward et al., 2019).

Considering that microbial community composition plays a
central role in shaping the reactivity of OM in both terrestrial
and aquatic environments (Schmidt et al., 2011), it is likely that
amplified respiration rates in our mixed incubations were in part
due to microbial diversification. The abundance of particular
substrates have also been shown to have a strong positive
correlation to the rate of their breakdown in the lower Amazon
River, and isotopic tracer studies have shown that vascular
plant-derived OM can be amplified by 1.5–6.0 times when algal
OM is added to Amazon River water, which was attributed to
priming effects (Ward et al., 2016). Therefore, we hypothesize

that as tributaries mix, microbial activity is both amplified and
diversified, resulting in enhanced respiration rates such as those
observed here. The fact that k′-values slightly decreased relative
to the endmembers in several cases suggests that there may
be an optimal relative abundance for “priming” and “primed”
substrates, or perhaps even negative priming effects under certain
conditions (Gontikaki et al., 2013). For example, the Xingu River
only had a significant increase in k′ with the 17% mixture. This
could be related to the fact that water collected at Almeirim that
was mixed with Xingu River water already represented a mixture
of the Tapajós and Amazon rivers. Another potential mechanism
for increased respiration potential upon mixing is desorption of
nitrogen-rich molecules as Amazon River suspended sediments
are diluted, providing both nutrients and reactive substrates that
could also drive priming effects. For example, it has been shown
that basic amino acids selectively sorb to fine sediments in the
Amazon River (Aufdenkampe et al., 2001).

This study provides a brief examination of what happens
as unique rivers mix, suggesting that such environments may
be overlooked hotspots for carbon transformations. As human
activities continue to alter the climate, landscape, and physical
structure of inland water bodies, the footprint and impact of
these “aquatic critical zones” are likely to shift in unknown ways
(Bianchi and Morrison, 2018), necessitating a robust baseline
understanding of present day conditions.
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