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Degradation of terrestrially derived
macromolecules in the Amazon River

Nicholas D. Ward'*, Richard G. Keil', Patricia M. Medeiros?, Daimio C. Brito?, Alan C. Cunha?,
Thorsten Dittmar?, Patricia L. Yager?, Alex V. Krusche® and Jeffrey E. Richey'

Temperate and tropical rivers serve as a significant source
of carbon dioxide to the atmosphere'*. However, the source
of the organic matter that fuels these globally relevant emis-
sions is uncertain. Lignin and cellulose are the most abun-
dant macromolecules in the terrestrial biosphere®, but are
assumed to resist degradation on release from soils to aquatic
settings®®. Here, we present evidence for the degradation of
lignin and associated macromolecules in the Amazon River.
We monitored the degradation of a vast suite of terrestri-
ally derived macromolecules and their breakdown products
in water sampled from the mouth of the river throughout
the course of a year, using gas chromatography time-of-flight
mass spectrometry. We identified a number of lignin phenols,
together with 95 phenolic compounds, largely derived from
terrestrial macromolecules. Lignin, together with numerous
phenolic compounds, disappeared from our analytical window
following several days of incubation at ambient river temper-
atures, indicative of biological degradation. We estimate that
the net rate of degradation observed corresponds to 30-50%
of bulk river respiration. Assuming that a significant fraction of
these compounds is eventually remineralized to carbon dioxide,
we suggest that lignin and other terrestrially derived macro-
molecules contribute significantly to carbon dioxide outgassing
from inland waters.

The immense outgassing of CO, from inland waters is now
part of the paradigm of the global carbon cycle>*. Globally, inland
waters process, transport and bury 2.7PgCyr™' (refs 9,10), a
flux nearly equivalent to the terrestrial sink for anthropogenic
CO, of 2.8PgCyr~! (refs 9,11). The Amazon River accounts
for roughly 20% of the fresh water discharged to the world’s
oceans, making it an ideal test bed for understanding large-scale
biogeochemical processes and fluxes. The Amazon rainforest is
responsible for nearly 10% of global primary production, or the
fixation of 8.5 Pg Cyr~! (refs 12,13). Respiration of contemporary
organic matter originating on land and near rivers is the dominant
source'* sustaining a CO, supersaturation in the Amazon River that
drives an outgassing of 0.5 Pg Cyr~! (ref. 2), roughly equivalent to
the amount of carbon actually sequestered by the forest'>!*. Our
present understanding of the source, chemical composition and
microbial controls of the organic matter pool driving this vast CO,
outgassing, however, is speculative at best.

As a parcel of organic matter moves through the river contin-
uum, it is degraded by both microbial and photochemical activity.
Numerous studies have demonstrated the photo-degradability of

chromophoric dissolved organic matter’® and lignin phenols',
suggesting that photo-oxidation is an important pathway for or-
ganic matter remineralization in inland waters. On the contrary,
in situ ultraviolet-oxidation experiments performed in the Amazon
suggest that photo-oxidation accounts for roughly 0.05% of basin-
wide outgassing rates'”. A parcel of Amazon River water spends
little time exposed to ultraviolet radiation in the turbid mainstem
because of its rapid velocity, river depth (roughly 60 m at Obidos,
28 m at Macapd) and low light penetration. Thus, depth-integrated
respiration has been suggested to be the primary source of pco,
in the Amazon River?.

The organic matter respired in the Amazon has been shown
to be relatively young, with a radiocarbon age of less than five
years old!*. This pool of organic matter is thought to be rapidly
overturned, whereas terrestrially derived compounds with complex
macromolecular structures, such as lignin, have traditionally been
assumed to be refractory and implicitly old®. In the past decade,
however, it has been increasingly recognized that recalcitrance is
not molecularly intrinsic, per se, but dependent on physiochemical
and biological influences'®. For example, numerous studies have
demonstrated the biodegradability of lignin and celluloses in
soils'*?, Iflignin and celluloses are similarly reactive in the aquatic
setting, they are a large potential source of bioavailable carbon to
the river. The most abundant biochemicals on land are cellulose,
hemicellulose and lignin®. They represent as much as 80% of the
biomass in a typical forest and as much as 60% of the biomass in
a typical field (natural or crop)?*. Lignin composes roughly 30%
of the organic carbon in the terrestrial biosphere’. We assessed the
rate of degradation of lignin and other macromolecular compounds
as well as bulk respiration and carbon parameters at the Amazon
River mouth. Whole water was collected in triplicate 41 bottles
and incubated at ambient river temperature for 5-7 days in the
dark without any nutrient amendments. Particulate and pre-filtered
dissolved organic matter (DOM) fractions were collected before
and after incubation on glass-fibre filters (0.7 um) and solid-phase
extraction cartridges®, respectively. Lignin and phenolic polymers
in the particulate and DOM fractions were analysed by time-
of-flight mass spectrometry (GC-ToF-MS) in addition to free
monomers in the dissolved phase.

To target a vast suite of the most abundant terrestrial molecules
in the river, we quantified all detected compounds containing at
least one phenolic ring by GC-ToF-MS. We did this analysis before
and after oxidative cleavage with CuO to account for both phenolic
monomers and complex polyphenolic macromolecules®*. We
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Figure 1| Van Krevelen diagrams of incubated Amazon River DOM. The
relative degradation/production of DOM compounds (based on
hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratios) after a
10-day incubation period. Of the 2,804 compounds detected (black), 344
were consumed (blue) and 222 were produced (red). Most consumed
DOM compounds have element ratios consistent with lignin and other
polyphenols (centred rectangle). Compounds with an aromaticity index
(Al) > 0.5 consist of aromatic core structures with few side groups,
whereas compounds with Al < 0.5 contain more side groups, as typical for
lignin and other polyphenols?>.

detected 95 targeted phenolic compounds, which were largely re-
leased from lignin or other macromolecules (for example celluloses,
tannins and suberins) by our pre-analytic oxidation procedure.
Although phenolic structures are ubiquitous, their concentrations
in vascular plants are typically orders of magnitude higher than in
aquatic primary producers. The abundance of the eight standard
lignin phenols (Lg) and our suite of 95 macromolecular derivatives
(total phenols or Typen; includes Ls phenols) was measured before
and after incubation to determine net degradation and production
rates. Here, a phenol is considered degraded when its phenolic ring
is cleaved. Lg abundance was normalized to a carbon concentration
using available standards. T}, abundances were assessed by their
relative GC-ToF-MS peak areas. To normalize Tyhe, concentrations
and degradation rates from peak area to carbon units, we divided
the known Ly lignin concentrations by the relative proportion of Lg
phenols to the total phenol suite. Error estimations include the un-
certainty regarding compound isomerization in this regard. These
experiments were performed simultaneously with measurements of
bulk respiration and conventional chemical parameters.

In addition to targeting specific compounds as described above,
we extended our analytical window by determining the molecular
formulae of a very broad range of compounds in DOM using
Fourier transform ion cyclotron resonance mass spectrometry (FT—
ICR-MS). By using a soft electrospray ionization (ESI) technique,
the DOM compounds were ionized as intact moieties. The masses
of the individual molecules in the complex DOM cocktail were
determined with such accuracy that we were able to determine the
molecular formulae of ~2,800 compounds throughout the set of
incubations. This approach allowed for the detection of a very broad
range of molecular formulae, as opposed to the approach described
above. Basic structural features (for example, the density of double
bonds, or the presence of aromatic units) can be deduced from
molecular formulae alone, even though the exact configuration
of these units remains unknown?. ESI-FT-ICR results showed
significant loss of specific DOM compounds throughout the
incubations. Approximately 60% of the compounds whose post-
incubation abundance was below detection had molecular formulae
consistent with those of lignin and other polyphenols (for example,
tannins). Many of these compounds consisted of a phenolic core
structure with few side groups (aromaticity index > 0.5) whereas
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Figure 2 | Bulk and specific respiration rates in the Amazon River. a, Bulk
respiration rates (black) and total Amazon River discharge (grey) from
September 2010-September 2011. b, The relative contribution of dissolved
(black) and particulate (grey) total phenolic compound (Tyhen) degradation
to bulk respiration (Tphen degradation rate/bulk respiration rate x 100).

¢, The contribution of dissolved (black) and particulate (grey) standard
lignin phenols Lg to bulk respiration.

others contained more of such side groups, as typical for lignin and
tannin derivatives® (Fig. 1). Whereas most polyphenols decreased
in abundance, some of these compounds were also produced
during the incubations. These produced compounds are probably
intermediates in the breakdown pathway (for example, functional
group transformations). Consistent with this observation, the
targeted GC-ToF-MS approach was used to quantify both
the production and degradation of phenolic compounds. The
net phenolic degradation rates described here account for this
observation and include produced intermediates.

Targeted GC-ToF-MS measurements revealed an annual
average net Lg degradation rate of 0.67 £ 0.08 and 0.57 £
0.07mgCm~d™! for dissolved and particulate Lg lignin, respec-
tively. The average degradation rate of total phenolic compounds
(Tphen) in the dissolved and particulate phases was 17.9 & 3.8
and 4.3+£0.9mgCm™d™', respectively. Bulk respiration was, on
average, 58.0 £5.8mgCm™> d™'. The rate of Tyhen degradation
is equivalent to approximately 30-50% of bulk respiration rates
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Figure 3 | Fate of lignin in the Amazon River watershed. a, Terrestrial
primary production converts atmospheric CO; into biomass dominated
primarily by lignin, cellulose and hemicellulose compounds®. Within soils,
large lignin macromolecules (i) are broken down into free lignin monomers
(ii). These free lignin monomers are broken down into low-molecular
weight (LMW) DOM intermediates. Degradation in soils processes roughly
40% of the lignin sequestered in the terrestrial biosphere into small
non-phenolic components'?13212930 These small components are either
cycled in soil food webs, remineralized to CO,, or mobilized into the river
with the remaining lignin macromolecules and monomers. b, Within the
river-ocean continuum, terrestrial macromolecules are continuously
broken down into monomers, which are either remineralized directly to
CO,, broken into low-molecular weight (LMW) DOM intermediates, or
cycled within the microbial food web, supporting micro and macrofaunal
heterotrophic production. 55% of the lignin sequestered on land is
degraded (that is, the phenolic structure is broken) in the river
continuum'2132129.30 The remaining <5% is either stored within the basin
or delivered to the ocean, where it is degraded or buried in marine
sediments.

in the river, suggesting that lignin and other terrestrially derived
macromolecules play a significant role in river productivity. These
degradation rates relative to measured concentrations imply that
the entire pool of lignin and related phenolic compounds in the
Amazon River could completely overturn in only 2—3 weeks.
Although organic matter concentrations and bacterial abun-
dances peaked during high-water conditions in May (Supple-
mentary Table S2), bulk respiration rates were lowest in May
and highest in December (Fig.2), in agreement with previous
respiration measurements made in the Amazon showing minimal
respiration rates and maximal bacterial growth efficiency during
high water?. On the contrary, Lg and Tohen degradation rates were
loosely correlated with abundance and organic matter inventories,
reaching their maximum at high water (Fig.2). Whereas bulk
OC concentrations and bulk respiration rates are not correlated,
the rates of Ly and Tjp., degradation correspond well with
substrate availability throughout the sampling period. Further, the
contribution of Lg and Ty, degradation to bulk respiration rates is
highest (73421%) in May (Fig. 2). These trends may be a reflection
of the efficiency of lignin as a growth substrate relative to other bulk
OC components. Efficiency, in this sense, is the proportion of an OC
substrate that is fixed as microbial biomass relative to the amount
that is respired to CO,. One explanation for our observed trends is
that lignin is used inefficiently (for example, a greater proportion
is remineralized to CO, than fixed into microbial biomass) relative
to much of the bulk OC mobilized at high water. Although bulk
OC concentrations increase significantly with increasing discharge,
most of these compounds are probably fixed as microbial biomass
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rather than respired to CO, (reflected by low bulk respiration rates
and high bacterial abundance), whereas lignin degradation may
provide a significant source of the respired CO, during high-water
conditions. The inherent growth efficiency of different organic
matter substrates in the Amazon remains elusive, however, and is
a necessary step in resolving the fate of organic matter as it passes
along the tropical river continuum.

As lignin concentrations correlate with discharge both on
seasonal”” and hourly to daily*® timescales in tropical”’ and temper-
ate systems®® alike, we posit that river systems worldwide provide
positive environments for biological macromolecular breakdown.
These macromolecular degradation products are probably impor-
tant fuels for respiration and are either remineralized to CO, or
recycled among microbial food webs. The remaining balance of
organic matter sources that contribute to bulk respiration rates is
probably a combination of autochthonous and other terrestrially
derived compounds not measured here. We propose that the rela-
tive contribution of different organic matter sources to respiration
is seasonally dependent; for example, floodplain drainage during
falling water delivers a large source of labile algal-derived organic
matter to the mainstem. Although microbial degradation probably
dominates the breakdown of macromolecules in the Amazon,
photochemical reactions probably play a larger role in aquatic
ecosystems that are slower moving, less turbid and shallower than
the Amazon River mainstem'>6.

On the basis of our measurements and those made by
others!>1321:2%30 " yve have made rough estimations to describe the
basin-wide fate of lignin and related macromolecules in the Amazon
watershed as they travel from soils, through the river, and into the
ocean (Fig. 3). We estimate that approximately 80 TgC of lignin
is fixed in the Amazonian terrestrial biosphere annually. Over the
lifetime of those lignin molecules, we estimate that roughly 40%
of this lignin is degraded into smaller components in soils, 55%
is degraded into smaller components within the river continuum,
and the remaining 5% of intact macromolecules are either stored
within the river continuum or delivered to the ocean (Fig. 3). We
propose that the breakdown of terrestrially derived macromolecules
(including lignin, celluloses and hemicelluloses) fuels the small
rapidly cycling organic matter pool described as the primary driver
for evasive CO, gas fluxes in the Amazon'*. The collective results
from this study present strong evidence of the biodegradability
of terrestrially derived macromolecules in the aquatic setting and
provide a significant step in integrating the emerging paradigm
regarding chemical recalcitrance'® with global carbon budgets.
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