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Supplementary Methods

Corrections for rain and hot spring contribution

The chemistry of river water represents the sum of the contributions from
weathering processes, rain, and hot springs. Anthropogenic influence was limited
considering that agricultural practices were confined to small areas (mostly terraces),
tourism activity was sporadic, and industrial development was absent in the region. To
remove the rain contribution from the overall solute pattern, the following equation was
employed, assuming that rain chloride is entirely derived from sea salt spray and
chloride is a conservative tracer of sea salt:

Si—corr = Si—river - (Si—rain / Clrain) x Cl €q. S1

where S stands for the concentration of the species i, and corr, river, and rain stand for
the concentrations of the species 7 after correction, and in river and rain, respectively.
To obtain a representative rain composition, only the relatively stable compositions
were averaged and used in the correction procedure (Supplementary Table S1).

The enrichment of Na*, and DIC in the springs suggests that the alteration of
plagioclase in the metagranite and carbonate minerals proceeded at high temperatures
or depths through the following reactions:

(Na, Ca)(Si,Al),05 + 4H* - (Na*,Ca?*) + AB* + 3Si0, + 2H,0 eq. S2
(Ca,Mg)CO; + H* - (Ca%*,Mg?*) + HCO3 eq. S3

However, the correction for the spring contribution to river water is complicated by the
fact that chloride is also present in springs, and its concentration in springs could be
higher than that in rain. Therefore, it would be inappropriate to attribute the entire pool
of chloride to rain. Instead, the contribution of chloride from both rain and spring should
be identified before further deconvolution of the data. Detailed examination revealed
that Cs* was depleted in rain (below detection) and highly enriched in springs. In this
regard, Cs* and CI- contributed by springs were assessed assuming that Cs* was entirely
derived from springs. The Cs*-based correction was performed using the following
equation adopted from ref (1):

(Si/Cs)

where (Si/Cs) is the molar ratio of the species i to Cs* for the downstream river water
and upstream component j (upstream river water or spring), and a;.c; is the fraction of
Cs* contributed from the upstream component j. Three molar ratios (Ca*'/Cs”,
Mg?*/Cs", and Sr**/Cs") were used to stabilize the solution for the fractions of spring
Cs". The equations were solved using FRUIT software, which constrains the mass
balance on the basis of the Bayesian algorithm!. For CWLO1, the river water (MLLO02
and LD) and springs (LS, LK, and WL) were assumed to be the upstream components.
For DL, the river water DL0O2 and spring LL were assumed to be the upstream
components. All upstream river water components were assumed to be exempt from
spring effects.

= Z(Si/Cs)j X j_cs eq. S4

downstream river



The obtained contributions of Cs* from the upstream spring components (@j.cs)
were further computed to determine the fractions of Cl- contributed from the individual
spring components (@;.c1):

Aj_c1 = (Cl/Cs)j X aj_cs/(Cl/ ) eq 55
s

downstream river

The residue Cl pool in the downstream river water (after subtracting the spring ClI°)
was subsequently used to correct the rain contribution (eq. S1), generating the residue
solutes derived from weathering processes and springs. To further correct for the
contributions of Na*, Ca?*, Mg?*, and Sr** from the upstream springs to the downstream
river water, the Bayesian mixing model based on Na* (similar to eq. S4) was adopted.
The Cs*-based method described for the CI- correction was not used for all cations since
it led to the over-correction of Na'.

The calculation yielded that ~80% and ~44% of Na* were contributed from the
upstream springs to CWLO01 and DL, respectively. Similar approaches were applied to
the resultant solutes further downstream the main stem (CWLO04) generated from the
mixing between DL (~69% of Na*) and CWLO1 (~31% of Na*). Like the correction for
the spring CI-, the obtained fractions of Na* from the upstream spring components (-
Na) were further computed to determine the fractions of specific solute i (ji) from
upstream spring components j:

. a._ a
i = (Sl/Na)j x JN /(Si/N ) eq. S6
a

downstream river

After the correction, the solute pattern represents the products purely generated from
weathering (Supplementary Fig. S1).

Quantification of weathering pathways, acid sources and net DIC and CO:
concentrations

Deconvolution of the solute contribution from different weathering pathways
proceeded by assuming model compositions of silicate and carbonate minerals®. The
contribution of evaporite was discarded because no gypsum or barite was identified in
the region. Four major cations (Na*, Ca*", Mg?’, and Sr*") were selected for the
calculations. To perform the deconvolution, all molar concentrations of the target
cations were normalized to that of Na*. The fraction of Na* contributed from a specific
weathering pathway was computed using an equation similar to eq. S4. Like the
approach described previously, the fraction (a;.;)) or concentration of specific solute i
contributed from either carbonate or silicate weathering was computed using eq. S6.

To further dissect weathering pathways and their impacts on DIC and gaseous CO>
production, a number of reactions involving atmospherically derived carbonic acid and
pyrite-derived sulfuric acid were considered:

Weathering by atmospherically derived carbonic acid

silicate + 2.2C0, + 3.3H,0 — Na* + 0.35Ca?* + 0.25Mg?* + 2.2HCO3 + 1.1silica
eq. S7

(Ca,Mg)CO; + H,CO; — (Ca2?*,Mg?*) + 2HCO3 eq. S8



Weathering by pyrite derived sulfuric acid

silicate + 1.1H,SO, + 1.1H,0 — Na* + 0.35Ca?* + 0.25Mg?* + 1.1S03™~ + 1.1silica

eq. S9
2(Ca,Mg)CO; + H,S0, — 2(Ca%*,Mg?*) + SO3~ + 2HCO3 eq. S10
(Ca,Mg)CO; + H,S0, — (Ca?*,Mg?*) + S0%~ + CO, + H,0 eq. S11

Carbonate weathering by sulfuric acid (eqs. S10 and S11) was particularly treated
in two different ways considering whether gaseous CO» was produced or not. The extra
consideration for the transient production of gaseous CO: is based on the assessment
of the solute abundance ratios for related reactions. The plot of divalent cations versus
sulfate for river water yielded data points distributed between the trends predicted by
eq. S10 (bicarbonate only; slope=2) and eq. S11 (gaseous CO> only; slope=1) (Fig. 2a).
The data pattern suggests that the generation of gaseous COz is plausible and needed to
offset the extra charges contributed by bicarbonate conventionally treated as the only
product of carbonate dissolution.

To further deconvolute the contribution of individual reactions to cation and anion
production, the fractions of cations contributed by silicate and carbonate weathering
(based on the Bayesian mixing model described in the previous section) and the
described reactions (eqs. S7-11) were used to construct the charge balance model. The
computational approach was split into two parts of charge balance for carbonate and
silicate dissolution:

[Al +(A-A1) x 2] x [SO4*] x 2+ A x [COz] x 2 =
total cation charge equivalents from carbonate dissolution eq. S12

[1-A] x [SO4*] % 2 + [1-A] x [CO2] =
total cation charge equivalents from silicate dissolution eq. S13

where 4 is the fraction of acids (sulfuric or carbonic acid) used in dissolving carbonate,
A1l is the fraction of sulfuric acid for the production of gaseous CO: from carbonate
dissolution, [SO4*] is the measured sulfate concentration, and [CO.] is the
concentration of atmospherically derived COz. For the computation, 4 was assumed to
be the same for any specific acid regardless of the dissolution of either carbonate or
silicate minerals. This assumption should be valid considering that mineral abundance
is the only factor that determines the split of acid power. The computation scheme
compensates for the deficiency inherited in previous studies that sulfuric and carbonic
acids are individually diverted into reactions with carbonate and silicate minerals,
respectively (Supplementary Fig. S2). The computation scheme also enables the
quantification of the amounts of gaseous CO; removed from the dissolution of
atmospheric CO> and exported into the atmosphere, facilitating better constraints on the
CO; cycle at different time scales.

Solving the charge balance model is challenging because the number of variables
exceeds the number of constraints by one. To overcome the limitation, a trial-and-error
approach was adopted by incrementally adjusting parameter 4 from 0 to 1 and
constraining parameters 4/ and [CO:] until four conditions were all satisfied: (1) near



charge balance, (2) positive values of [CO:] (formation of atmospherically derived
carbonic acid), (3) 4 and A7 being less than 1, and (4) 4 being greater than 4 /. Although
the exact solution was not generated, the final designated values of 47 and 4 could be
constrained with a very small range of uncertainty (<0.01). The obtained parameters
were further used to quantify the net DIC (0.5 x DIC in eqs. S8 and S10) and the
transient net gaseous CO2 (COz in eq. S11 minus H>CO3 in eq. S8). For a specific set
of geochemistry, the transient net flux of CO; is constant regardless of the fraction of
carbonate weathering.

The directivity of transient net gaseous CO> fluxes varied considerably within the
catchment with net consumption occurring at HLBS and DL, net emissions at LD and
MLLO02, and near equilibrium at CWLO04. Furthermore, pyrite-induced carbonate
dissolution generated >50% of the total cation charge equivalent (Supplementary Fig.
S3). The implications of these results are important in several folds. First, the directivity
of the transient net gaseous CO> flux is primarily controlled by the quantity of pyrite-
derived sulfuric acid. Therefore, the variation in directivity suggests that the availability
and abundance of pyrite and the time interval for the reaction between pyrite and water
might vary greatly in the catchment where slate and schist are the dominant lithologies.
This is exemplified by the opposite directivity for HLBS and LD distributed along the
same tributary hosted by the same slate formation. HLBS is located near the head of a
creek. The catchment area for HLBS is small (2.1 km?). The creek merges with others
downstream, forming the major tributary (Li-Dao River) before reaching site LD. For
comparison, the catchment area for LD is 109 km?. Given the similar lithology between
the two catchments, the variation in directivity of transient net gaseous CO: fluxes
seems to be linked to area size, which in turn suggests the role of reaction time duration
and mineral availability.

Second, the overwhelming production of cations from pyrite-induced carbonate
weathering could be translated into the release of a substantial amount of CO; into the
atmosphere. This is because carbonate weathering by atmospheric CO; (eq. S6) leads
to net zero emissions of CO> once the DIC produced is discharged into seawater
(reversal of eq. S7). Similarly, silicate weathering by pyrite-derived sulfuric acid is
irrelevant to CO> or DIC production (eq. S9). Therefore, the total amount of CO»
potentially released into the atmosphere is the sum of the transient gaseous CO2 and
half the DIC produced by pyrite-driven carbonate weathering. By subtracting the
amount of atmospherically derived CO; from this value, our computation yielded that
the catchment is prone to emitting CO> at a long time scale, regardless of specific sites
(hundreds of years®). Considering near net zero emissions of gaseous CO, at CWL04
at a transient time scale, the overall CO> emissions at a scale of hundreds of years can
be derived by multiplying the half concentration of DIC derived from pyrite-driven
carbonate weathering by the river discharges. The computation yielded a net flux of
CO; export at 1.4 x 10° moles yr! or 2.2 x 10° moles km yr'! (see section 6), a level
two to three orders of magnitude greater than the global average, and greater than or
comparable with those based on active orogens’.

Third, while the directivity of transient gaseous CO; varied within the catchment,
a near-equilibrium state was reached at the transition where the topographic gradient
decreased substantially (CWLO04; from the Central Mountain to the Longitudinal
Valley). The computed flux of the transient net gaseous CO; represents an integration
of water chemistry subject to the balance between weathering reactions, rock-
atmosphere transfer, and mixing processes. Torres et al. (2016) # described that the
pattern of CO: flux changes from the short- and long-term release in the Andes
Mountain region to the consumption in the downstream foreland and floodplain



regions. While their short-term CO; release is completely attributed to the DIC
produced from pyrite-induced carbonate weathering, the short-term COx> release could
be considered intrinsically analogous to our transient flux of gaseous CO>. Therefore,
while transient emissions of gaseous CO: occur in the Amazon and at some sites in the
Hsin-Wu-Lu catchment (LD, MLLO02, and CWLO01), our computation also reveals that
the two mountainous sites (HLBS and DL) are characterized by transient consumptions
of gaseous CO». Such a pattern of changeable directivity of transient CO fluxes for
mountainous regions has not been observed for the Amazon catchment. Whether this
difference results from insufficient sampling or different control mechanisms remains
elusive.

Supplementary Note 1

Isotope mass balance model and interpretation for sulfate and water isotope
compositions

Sulfur and oxygen isotopes in sulfate were used to model the contribution of
different oxygen sources to the sulfate formation. The principle stems from the potential
reactions involved in pyrite oxidation:

FeS; + 14 Fe** + 8 H,O => 15 Fe** + 2 SO4* + 16H" eq. S14
FeS, + 7/2 O, + H,O => Fe?* + 2 SO4> + H* eq. S15

Oxygen in sulfate is derived from either water or dioxygen. Given the §'30 values
of water (measured in this study) and dioxygen (+23.8 %o in air), and the fractionation
factors between sulfate and water or dioxygen®, a mixing model based on mass balance
was constructed to describe the resultant 8'®0 values for sulfate derived from the mix
of reactions:

8'80r = x 8180ys + (1-f) x 3'800s eq. S16
SISOWS = (l'gws) X 8180H2O eq. Sl7
818005 = 7/8 x (1-€0s) % 88002 + 1/8 % (1-gws) % 8% Om20 eq. S18

where 8'%0g, 6'%0ws, 83045, 6'*0m0, and 8'*00;, are oxygen isotopic compositions of
sulfate in river water, water-sourced sulfate, dioxygen-sourced sulfate, river water, and
dissolved dioxygen in equilibrium with atmospheric dioxygen, respectively; fis the
fraction of oxygen contributed from water through eq. S14; ews and &0 are the
fractionation factors associated with the formation of sulfate incorporating oxygen from
water and dioxygen, respectively. The calculation assumed no contribution of gypsum
or aerosol-sourced sulfate to the river water. This assumption should be valid,
considering that the 3°*S values of river sulfate greatly deviated from those of seawater
sulfate (+20 %o; Fig. 2b). The plot of 8'%0-sulfate versus 8'®0O-water values revealed
that all data points were distributed in a region bounded by lines representing mixing
ratios of 0% and 50% oxygen from dioxygen (Fig. 2c). In particular, some data points
for HLBS represent an extremely high contribution of oxygen from water (85-100 %).
The implication is important in a way that the mixing model of oxygen isotopes in
sulfate provides a guideline to constrain the occurrence of pyrite oxidation in the
catchment. For the reaction involving dioxygen (eq. S15), the oxidation has to be



susceptible to the atmospheric influence. Rock surfaces, riverbeds, banks, and
unsaturated talus deposits are the most likely candidates in which dioxygen can
percolate and reach a high level. In contrast, the oxidation involving water only
proceeds behind or beneath the rock face where direct oxygen perfusion is impeded by
either a long transport path, low solubility of dioxygen in water, or microbial respiratory
consumption.

To further explore the effects of hydrological shifts on the pathway of pyrite
oxidation, the 8'30r value was plotted against sediment concentration (Supplementary
Fig. S13). The analyses revealed that the 3'80r value decreased as the sediment
concentration increased for four sites (CWL04, DL, CWLO1, and MLL), a pattern
supported by moderately high R values (>0.5) and small p-values (<0.05). As the
sediment concentration is qualitatively indicative of discharge or water level, such a
negative correlation suggests that sulfate in river water during high-water periods was
formed by incorporating relatively more '°0O than '®0. Considering the relatively
constant 8'®002 value and the lack of correlation between 8'%0Om20 and sediment
concentration, the more negative 8'*Or values with increasing sediment concentration
suggest a higher contribution of oxygen in water to sulfate during high-water periods.
In other words, more sulfate produced from anoxic pyrite oxidation was delivered to
river water. As shown in Fig. 4, the sulfate yield was positively correlated with the
sediment yield. The isotopic pattern further suggests that sulfate along with deeper
erodible materials was drained and excavated into the river water during high-water
periods.

The results and interpretations based on the oxygen isotope compositions of sulfate
are consistent with anomalously high proportions and coexistence of Sulfuricurvum and
Thiobacillus members during high-water periods (Fig. 3), and high correlations
between the yields of these two taxa, sediment, and sulfate (Fig. 4). Microorganisms
related to Sulfuricurvum and Thiobacillus are capable of catalyzing sulfur oxidation
under anoxic/low oxygen (<1%) and anoxic/oxic conditions, respectively® 7. Their
intimate association with high sediment yields (Fig. 4) and the specificity/plasticity of
oxygen affinity suggest that these two genera could be co-recovered from the same and
different compartments of the catchment system where the extent of oxygen penetration
varies. For example, anaerobic Sulfuricurvum and Thiobacillus (at least a portion of)
members may proliferate in talus deposits, bank sediments, and rock formations
saturated with groundwater, where oxygen penetration is limited. Instead, aerobic or
microaerophilic Thiobacillus can outcompete others in river bedloads, talus deposits,
bank sediments, and soil layers above the groundwater level where oxygen penetration
occurs. The weathering product, sulfate, produced from pyrite oxidation by these two
genera would be continuously drained by groundwater circulating through niches with
drastically different oxygen availability (or oxygen isotope composition of sulfate). The
contribution of either pyrite oxidation pathway (with/o dioxygen) could have varied
depending on the water circulation paths and population compositions. The exact cause
of pyrite oxidation at the farthest upstream site, HLBS, under low or essentially no
oxygen levels warrants further investigation. Finally, the destabilization of bank
sediments, talus deposits, soils, and even intact formations from hillslopes during
severe storms mobilizes microorganisms along with detritus particulates into the river,
thereby enabling high abundances and yields of these two genera and a high
contribution of solutes from pyrite-induced carbonate weathering (also see discussion
in Supplementary Note 2).



The 3'80 and 8D values of the river and rainwater were generally aligned with the
local meteoric water line adopted from adjacent regions (Supplementary Fig. S4). Like
elsewhere, the 8'%0 and 8D values of river water were in a more negative range than
those of rainwater (3'%0 from —15.1 to —10.6 %o for river water versus from —12.1 to —
2.8 %o for rainwater). Detailed examination revealed that the isotopic compositions of
river water were aligned more closely with the local meteoric water line for summer
than for winter and did not exhibit a systematic variation with altitude. The results
suggest that despite the great amount of direct runoff during summer, the river
discharge was also contributed by the groundwater recharged during summer,
temporarily stored, and migrating through time. In particular, such a groundwater flux
would make up a substantial portion of the river discharge during winter. While the
exact residence time of groundwater has not been determined, the isotopic pattern
highlights the importance of groundwater in the water budget and cycle in mountainous
catchments®. For comparison, the isotopic compositions of short creek water and spring
water LL fell within the range for river water and deviated from the local meteoric
water line, respectively. The latter range suggests a pattern consistent with the water-
rock interaction at high temperatures.

Supplementary Note 2
Abundance, diversity, and composition of microbial community

In addition to the high abundance of two genera (Sulfuricurvum and Thiobacillus),
high-water communities were also distinct from low-water communities, and the
communities of river water and sediments were distinguishable from those of the other
categories (Figs. 3 and 4). Further co-occurrence analyses of ASV abundances revealed
221 nodes (ASVs) and 911 edges (correlations) for the low-water communities and 188
nodes and 504 edges for the high-water communities (Supplementary Fig. S14). The
high- and low-water networks were further categorized into 38 and 24 modules,
respectively. While the major modules were composed of various sulfur-metabolizing
members related to Sulfuricurvum, Thiobacillus, Sulfuricella, and Desulfurivibrio, the
composition varied between the high- and low-water modules. For the high-water
period, module 1 was composed of Sulfuricurvum, Sulfuricella, Sulfuriferula, and
Thiobacillus related ASVs (in the order of decreasing connection strength between
nodes), whereas module 2 consisted of Thiobacillus and Sulfuricurvum related ASVs.
In contrast, the connection strength for the major ASVs related to Sulfuricurvum and
Thiobacillus for the high-water period was much weaker for the low-water period.
Instead, modules 1 and 2 were composed of Sulfurifustis, Sulfuriferula and Thiobacillus
related ASVs.

Metagenomes recovered from MLL02 and DL were used to infer the metabolic
potential of river community members. The recovered metagenome assembled
genomes (MAGs) were affiliated with genera Sulfuricurvum, Thiobacillus, and
Hydrogenophaga, which possess the capability of sulfur oxidation using oxygen and
oxidized nitrogen species as electron acceptors (Supplementary Fig. S9a). The
Sulfuricurvum related MAG even contained 16S rRNA genes completely identical to
the most abundant ASV detected for the high-water samples. The abundance of genes
mapped to the three recovered MAGs varied drastically between sites. Genes affiliated
with Sulfuricurvum and Thiobacillus were more abundant at MLLO2, whereas those
affiliated with Hydrogenophaga at DL outnumbered the others (Supplementary Fig.
Sob).

Among sulfur-related genes, genes for the oxidation of thiosulfate by the sox
pathway were partially observed in the MAG affiliated with Sulfuricurvum but



completely recovered in the MAGs affiliated with Hydrogenophaga and Thiobacillus.
Similar to the genome of Sulfuricurvum sp. RIFRC-1°, the MAG affiliated with
Sulfuricurvum did not possess gene soxCD. The lack of gene soxCD in the sox pathway
is not common among Campilobacteria (S. kujiense® is another example) but appears
to be a characteristic pattern for purple and green sulfur bacteria, and other lineages
(e.g., Allochromatium vinosum®, Beggiatoa sp. '°, Nitrobacter hamburgensis'!,
Sulfuricella denitrificans'?, and genus Thioalkalivibrio'®). While the presence of soxCD
enhances the oxidation of reduced sulfur species and electron generation yield during
oxidation, culture tests on S. kujiense suggest that soxCD is not necessary for sulfur
oxidation®, and that an alternative mechanism might be involved in the sox-based
system®. The lack of soxCD in Paracoccus denitrificans'* has been proposed to
facilitate the formation of globular sulfur and polysulfide from thiosulfate for storage'.
If this is valid for the microorganism represented by our recovered MAG, a fraction of
reduced sulfur compounds could be exempted from immediate, complete oxidation for
further utilization. More experiments are warranted to attest the speculation. Our
analysis also revealed that soxA commonly forming a gene cluster with soxX in sox
system® was absent. It remains unclear whether this results from either insufficient
sequencing depth or different gene organization and function. In addition to the sox-
based pathway, sulfide-quinone oxidoreductase (SQR) catalyzing sulfide oxidation was
also observed in the Sulfuricurvum related MAG, but absent in the MAGs related to
other sulfur oxidizers (Supplementary Fig. S9). Instead, the gene encoding
flavocytochrome c sulfide dehydrogenase (FCC) responsible for oxidizing sulfide to S°
was observed in the MAG related to Hydrogenophaga'S. Finally, the gene encoding
sulfate adenylytransferase (SAT) is responsible for the formation of APS in both
dissimilatory and assimilatory sulfate reduction. It could operate in a reverse way in
tandem with adenylylsulfate reductase (APR-BA) and dissimilatory sulfite reductase
(DSR-AB) 7. In this study, genes sat, aprBA and dsrAB were present in the
Thiobacillus related MAG, suggesting that the Thiobacillus related microorganisms
might additionally channel sulfur oxidation through reverse dissimilatory sulfate
reduction.

The three MAGs also possessed genes involved in nitrogen cycling. Genes
encoding nitrate reductase cytochrome (NAP-AB) were observed in the Sulfuricurvum
related MAGS, while genes encoding nitrate reductase (NAR) were present in both
Thiobacillus and Hydrogenophaga related MAGs (Supplementary Fig. S9a). Genes
encoding nitrite reductase (NIR-BD) for the reduction of nitrite to ammonia were
observed for the Thiobacillus and Hydrogenophaga related MAGs (Supplementary Fig.
S9a). In contrast, gene nirBD was absent in the Sulfuricurvum related MAG and the
genome of S. sp. RIFRC-1%. Instead, the Sulfuricurvum related MAG possessed genes
encoding ferredoxin-nitrite reductase (NIR-A), which is responsible for ferredoxin-
dependent assimilatory nitrite reduction to ammonium. Genes associated with nitrogen
fixation such as nitrogenase genes (nif) were observed only in the Thiobacillus related
MAG but absent in the Sulfuricurvum and Hydrogenophaga related MAGs
(Supplementary Fig. S9a).

Similar to its relative, S. sp. RIFRC-1°, the Sulfuricurvum related MAG contained
almost complete genes involved in the reductive tricarboxylic acid cycle (rTCA; except
for the gene encoding 2-oxoglutarate oxidoreductase (KOR)), suggesting the potential
autotrophy that is consistent with the physiological test for S. kujensef. Additionally,
the Sulfuricurvum related MAG possessed the gene encoding pyruvate carboxylase
(PYC) responsible for the formation of oxaloacetate from pyruvate in a manner similar
to other anaerobes, such as S. sp. RIFRC-1%, Hydrogenobacter thermophilus'®, and



Sulfurimonas denitrificans'®. Genes encoding phosphoenolpyruvate carboxylase (PPC)
and ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in the Calvin—
Benson—Bassham (CBB) reductive pentose phosphate pathway were observed in the
Hydrogenophaga and Thiobacillus related MAGs, respectively. Again, the potential
autotrophy is consistent with the physiological test on H. pseudoflava'® and T. thioparus
DSM 5052°. Overall, the recovered MAGs provide lines of genetic evidence supporting
that the three key community members are capable of respiring reduced sulfur and
nitrogen for energy conservation and assimilating inorganic carbon for biosynthesis.

The key genes involved in elemental cycling (carbon, sulfur, oxygen, nitrogen,
hydrogen, and iron metabolisms) were abundant in environmental samples
(Supplementary Fig. S10). The overall pattern of the key genes was comparable
between the sites. Detailed examination revealed higher abundances of genes
associated with sulfur oxidation and oxidative phosphorylation, such as sulfur-
oxidizing proteins (SOX) and cytochrome ¢ oxidases (COX), when compared with
genes for the cycling of other elements.

How intermediate compounds, such as thiosulfate and sulfite, were involved in
the oxidative pathway remains unconstrained. Qualitatively, sulfate production has to
be traced all the way to the source of oxidation of pyrite or other sulfide minerals
inherited in erodible materials and involves a number of steps along the oxidative
pathway, thereby requiring the involvement of intermediate sulfur compounds. Because
specific intermediate sulfur compounds could act as both the reactant and product of
the other intermediate compounds, their concentrations would be generally low in
environments (generally < tens of uM 2! 2223, 24, 25) wwhen compared with pyrite or
sulfide minerals in meta-sedimentary rocks (up to several tenths of the percentage?),
thereby leading to a short residence time or rapid turnover. Current observations did
not allow us to pinpoint the kinetics of the individual oxidative steps and the residence
time of polythionate or other intermediate sulfur compounds.

Justification for the relationships between the yields of target sulfur oxidizers,
sediments, and sulfate

Our approach aimed to identify the relationships between any observable
(bio)geochemical and microbial characteristics in various compartments of the studied
catchment. With the potentially known physiological capability constrained by pure
strains, enrichments, or metagenomes, the observable data pattern offers to pinpoint the
in-situ function and possible geochemical consequences of the target microbial
populations. These approaches avoid the potential bias introduced from experiments
based on pure strains or enrichments under conditions rarely encountered in natural
systems. Furthermore, the positive correlation between the abundance of target sulfur
oxidizers and sediment concentration (Supplementary Fig. S7) suggests that the niches
have to be related to erodible materials derived from the remobilization of talus or bank
deposits, or pulverization of bedrock either distributed on channel walls or riverbeds,
or generated by mass wasting during high-water periods. These populations should
have colonized the pore space of sediments or the fracture network of bedrock and
actively converted at least part of the reactive pyrite into sulfuric acid prior to being
flushed into the river. Therefore, (bio)geochemical and microbial signals are uncovered
only until sediment debris is generated during high-water periods.

Further constraints on microbial role in pyrite oxidation are not straightforward.
Geochemically, high discharges often lead to dilution of most solutes in river water 27
28, This is because mineral weathering is generally considered reaction-limited.
Therefore, the supply of some major ions would be in deficit compared to the increase
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in discharge (e.g., sodium). Over a cycle of the precipitation event, the solute
concentration would decrease to a level when ion production and discharge reach a
steady state near the runoff maximum and increase back to the original state as the
precipitation recedes?® 3%, The complexity of concentration variation with discharge (C-
Q relationships) exists as solutes in soil pores, mineral reactivity, mineral surface
complexation, weathering pathway, surface-groundwater interaction, biological uptake
and production, and land use could all influence the release of ions into rivers3! 3% 33,
For example, potassium levels have been observed to increase during typhoons in
Taiwan’s largest catchment®*. This result suggests that potassium residing in the
interlayering structure of biotite or other clays may be preferentially released through
particle abrasion. The generalization of the observed pattern is even more challenging
across various timescales because the solute variation is transient within a storm or
typhoon event for small mountainous river systems (e.g., within two days**). In other
words, high-frequency sampling and analysis are required to constrain the rapid
evolution of the solute pattern within a typhoon or storm event.

From a microbiological point of view, given that the potential doubling time of
specific target taxa is generally longer than the time scale of river transit (see discussion
in section 8), cell density can be diluted in a fashion similar to that of specific solutes.
Furthermore, if specific taxa are preferentially attached to sediment particulates®, the
response or shift of microbial populations to changes in the hydrological regime may
not be exactly the same as the solute pattern.

To assess whether our data pattern could connect community function to mineral
weathering, we first plotted the gene copies of Sulfuricurvum spp. and Thiobacillus spp.
versus sulfate and DIC concentrations (Supplementary Fig. S15). Among the four
correlations, the gene copies of Sulfuricurvum spp. and Thiobacillus spp. were
negatively correlated with DIC and sulfate concentrations, respectively (p of —0.41 and
p < 0.05; p of —0.44 and p < 0.05, respectively). Furthermore, while the sulfate
concentration exhibited no significant correlation with the sediment concentration
(Supplementary Fig. S16), the DIC concentration was negatively correlated with the
sediment concentration (Supplementary Fig. S16; p of —0.47 and p < 0.01). These
results, combined with the positive correlation between gene abundance and sediment
concentration (Fig. 4) suggest that even though the sediment concentration increased
qualitatively with discharge, the shift in sediment-bound gene abundance was
apparently decoupled from that in solute concentration.

To correct for the effect of differential responses of sediment-bound gene
abundance and solute to the hydrological regime, the gene yield (gene copies times
discharge) was plotted versus the sulfate yield (sulfate concentration times discharge).
As only discharges at CWL04 were available, they were proportionated to the
discharges of individual tributaries for other sampling sites using the area fraction of
the sampled sub-catchment to the entire catchment. The analyses yielded moderately
significant correlations between the gene and sulfate yields (p of 0.44 and p < 0.05 for
Sulfuricuvum spp.; p of 0.59 and p < 0.001 for Thiobacillus spp.) (Supplementary Fig.
S17). However, the discharge data during low-water periods (from the Water Resources
Agency) should be treated with caution. Examining the details of the raw data revealed
that at least three periods lasting from 2016-Nov to 2017-Jan, 2017-Jan to 2017-May,
and 2017-Nov to 2018-Jan (Supplementary Fig. S11) were marked as the likely false
discharge. These periods are conventionally considered to be the dry season (as
reflected by the monthly precipitation in Supplementary Fig. S11). However, the
discharge corresponding to these marked periods was relatively high (210-630 cms)
and remained nearly constant over the individual periods. Such an abnormal
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measurement for the low-water period might reflect either the malfunction of the
velocity sensor or incorrect sensing (e.g., a sensor pointing to the dry river bed).

To approximate the potential discharge during low-water periods, the SPOT6 and
SPOT7 satellite imagery provided by the Center for Space and Remote Sensing
Research at National Central University was used to measure the channel width near
CWLO04. Both SPOT6 and SPOT?7 feature two optical sensing modes: multispectral
(XS) and panchromatic (PAN). The XS mode includes four spectral bands, namely the
blue band (0.455um — 0.525um), the green band (0.53um — 0.59 pm), the red band
(0.625um — 0.695um), and the near-infrared band (NIR, 0.76pum — 0.89 um), each with
a spatial resolution of 6 m. On the other hand, the spatial resolution of PAN mode is 2
m. Because clear water has near-zero NIR reflectance, the water body would appear
nearly black and can be easily distinguished from adjacent sediments. Therefore, NIR
imagery was used in this study. Given that the spatial resolution of SPOT imagery is 6
m, a blurry zone along the river bed may exist. To further verify the accuracy of the
measured river width, the PAN imagery combined with historical images taken at
similar times in Google Earth for repeated verification was also used. The imagery used
for this study spans over the low-water periods between November 2015 to September
2023 (Supplementary Table S6). For each measurement, two locations were chosen for
mutual validation since river channels changed their positions over time. The results
revealed that the channel width varied from 14 to 56 m with an average of 28 = 9 m
(Supplementary Table S6). Flow velocities measured during the low-water period
between 2018 and 2023 using the handheld microwave radar (Pro II SVR, Stalker)
ranged from 0.8 to 1.5 m/s with an average of 1.1 £ 0.2 m/s (Supplementary Table S7).
Assuming an average water depth of 0.8 m, the discharge during the low-water period
was calculated to be 24.5 + 10.8 cms, considering the possible uncertainty associated
with each hydraulic parameter. The inferred discharge could still be susceptible to bias
associated with the difference between the measured and bulk velocities and the
temporal variation in hydraulic parameters.

To accommodate the possible range deviating from the inferred discharge (24.5
cms), discharges of 10, 25, and 50 cms were individually used to compute the overall
gene, sulfate, and sediment yields for individual samples collected during low-water
periods (Supplementary Fig. S17). The discharges for high-water periods were
generally considered valid; therefore, the discharges 7 days prior to and on the sampling
date were averaged and used directly in the computation. The corrected analyses
yielded significant correlations with higher p (0.69 — 0.72 for Sulfuricuvum spp. and
0.72 — 0.81 for Thiobacillus spp.) and lower p values (p < 0.0001 for Sulfuricuvum spp.
and Thiobacillus spp.) regardless of the inferred discharge used in the computation. The
data pattern appears to be better justified with lower inferred discharges.

In summary, the observed relationships between the yields of various parameters
strongly support the prevalent colonization of the target sulfur oxidizers in the
subsurface pore space of bank sediments and talus deposits and fractures hosted by the
bedrock. These sulfur oxidizers potentially engaged in the active production of sulfuric
acid from pyrite inherited from metamorphic rocks under circumneutral conditions. In
a tectonic setting similar to that presented in this study, steep river incision with active
uplift continuously exposes deeply-seated metamorphic rocks to the ambient
environment through exhumation and mass-wasting processes at a rapid pace.
Therefore, such geological cycling of materials could offer a nearly unlimited resource
of sulfur accessible for microbial exploitation, which would, in turn, lead to the rapid
dissolution of carbonate minerals. As a result, the coupling of geological and biological
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processes cascades to intensify COz emissions over transient and geological time scales
with global significance.

Supplementary Discussion

Calculation of sulfate and DIC (or CO) flux from CWL04

The site CWL04 is located at the intersection between the Central Mountain and
the Longitudinal Valley, where the investigated Hsin-Wu-Lu River flow changes from
eastward to southward. The flux deduced for this site represents the summed
consequence of all abiotic and biotic effects from all the tributaries and the main stem.
By multiplying the annual discharge (~10'° m? for years 2016 and 2017; adopted from
the annual report of Taiwan Water Resources Agency (www.wra.gov.tw)) with the
average concentrations of sulfate (1.1 mM) and net DIC (~2 mM), the derived fluxes
were 1.1 x 10'°moles yr! for sulfate and 2 x 10'° moles yr'! for net DIC. Considering
the potential bias of discharges for low-water periods, the decadal average of 1.4+0.3
x 10° m? yr! 3637 was also alternatively adopted. In this case, the derived fluxes were
1.5 x 10 moles yr! for sulfate and 2.8 x 10° moles yr! for net DIC. These fluxes are
considered conservative as multiple typhoons or typhoon-induced storms impacted
Taiwan with torrential precipitation in 2016 and 2017. In particular, the precipitation in
2016 ranked among the greatest (5036 mm at the Xiangyang station; data adopted from
the Central Weather Bureau (www.cwb.gov.tw)) in the last 40 years.

The conservatively estimated yield of riverine sulfate (1.5 x 10° moles yr!) was
further compared with the amount of sulfur or sulfur-bearing minerals exhumed by the
arc-continent collision. To address this, the short-term GPS uplift rate of 1.0 cm yr! 38
and sulfur content of 0.5 wt%?® were used. By multiplying these two parameters with
the catchment area and the density of rocks (2.7 g cm™ ) the annual amount of sulfur
exposed to the surface environment was computed to be 2.7 x 10° moles yr'!. By
extrapolating the same parameters to the sum of this and the other two major catchments
(Gaoping and Liwu), the amount of rock-bearing sulfur was exposed at a rate of 1.8 X
10" moles yr!, a level comparable to the export of riverine sulfate (1.1 X 10'° moles
yr'!). The long-term exhumation or erosion rate deduced from radiometric dating (4 +
2 mm yr!) 4% 4 lowers the exposed yield of three combined catchments to 7.2 x 10°
moles yr!, which is still on the same order of magnitude as the riverine sulfate.
Therefore, the high fluxes of riverine sulfate represent the outcome of intensive
carbonate weathering driven by pyrite oxidation essentially mediated by the
Sulfuricurvum and Thiobacillus members at a pace consistent with the exposure of fresh
bedrock. The first-order estimates also suggest that microbially driven chemical
weathering is supply-limited, converting nearly all exhumed sulfur-bearing minerals to
soluble sulfate prior to export to the ocean.

Arguments of abiotic versus biotic pyrite oxidation

A previous study argued that subsurface pyrite oxidation proceeds without
microbial involvement*?. While the pyrite reaction front has been observed at different
scales (landscape, borehole, clast, grain, and molecule) for shales in the Shale Hill of
the US, the rate-limiting step is imposed by the diffusion of oxygen, and the availability
and exposure of pyrite to oxygen by landscape-scaled erosion and clast-scaled
fracturing. In particular, the reaction near the ridge is postulated to be exempted from
microbial catalysis, as the measured pore throat (10-20 nm) of shales is much smaller
than the known smallest microorganisms (e.g., 0.1-0.2 pm) *3. Such a small range of
pore throats would enable only the perfusion of solutes with groundwater through the
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pore space while prohibiting the colonization of sulfur-respiring microorganisms on the
pyrite surface. A likely scenario, although rejected by the authors, is that soluble
intermediate compounds formed during pyrite oxidation (e.g., sulfite or thiosulfate)
diffuse from the matrix to the zone with a high density of fractures for microbial
conversion to sulfate. The validity of the mechanism would suffer from low
concentrations of these intermediate sulfur compounds in environments potentially due
to rapid turnover. In contrast, the pore throat of shales in the valley ranges from 17 to
7554 nm, enabling the routing of microbial transport through the pore space and mineral
colonization. The assertion*? is not directly applicable to this study. Our results
demonstrated that the enhanced abundances and yields of Sulfuricurvum and
Thiobacillus members were correlated quantitatively with sediment and sulfate yields
(Fig. 4) and qualitatively with water levels. The enhanced abundances and yields of
Thiobacillus and Sulfuricurvum members during high-water periods could not be
accounted for by the in-situ enrichment during channel transport because the duration
for the transport of river water across the catchment was as low as 2.78 hr (a flow path
of 50 km and a flow rate of >5 m s™!). Such a short period is less than the doubling time
required for some Sulfuricurvum and Thiobacillus related strains or enrichments (e.g.,
7.7 hr for T. denitrificans in chemostat**; 6.9 hr for Sulfuricurvum enrichments®).
Therefore, even though Thiobacillus members benefit from greater gas exchange for
more thorough oxygenation imposed by highly turbulent flows*¢, the potential for in
situ enrichment during river transport is still low. Instead, these relationships suggest
that the habitats of these two genera are highly erodible. Considering that the
investigated catchment is characterized by steep topographic variation caused by rapid
uplift and river incision, the erodible materials would be most likely talus deposits on
hillslopes, sediments temporally stored in riverbanks, and fractured rocks on the
channel wall or as part of the river bed. Owing to their low cohesion, erodible materials
would be prone to being destabilized and flushed into the river by torrential
precipitation and pulverized by highly turbulent flow during high-water periods.
Finally, the pyrite oxidation front in the subsurface as described in ref. > could have
occurred in our investigated catchment, as evidenced by the high sulfate concentrations
(~9 mM) in groundwater retrieved from the borehole near DL (Supplementary Table
S1). While the exact depth of the subsurface weathering front warrants further
investigation, the fractured or foliated zone commonly associated with schist and slate
in active orogens may possess a permeability spanning from 10-'° to 10-!! m?, a range
overlapping with consolidated, coarse sedimentary rocks?®. The resemblance of the
hydraulic characteristics between fractured metamorphic rocks and coarse sedimentary
rocks may be translated into similar fractures and pore openings. If this is the case, the
highly fractured zones would enable the transport of microorganisms with groundwater
and subsequent colonization on the mineral surface, favoring microbial catalysis of
pyrite oxidation. In summary, these sulfur-respiring microorganisms, combined with
other minor community members, thrive in habitats composed of loosely bound
materials distributed in the catchment, actively converting sulfur in pyrite into sulfuric
acid, which further reacts with minerals with the production and emission of CO; at
transient and geological time scales. These community members are only tapped
through the mobilization of erodible materials into the river during high-water periods,
highlighting the need to expand sampling efforts to pinpoint their exact distribution.

14



Supplementary References

1.

10.

11.

12.

13.

14.

15.

16.

Fernandes, R., et al. Food reconstruction using isotopic transferred signals
(FRUITS): a bayesian model for diet reconstruction. Plos One 9, e87436
(2014).

Burke, A., et al. Sulfur isotopes in rivers: Insights into global weathering
budgets, pyrite oxidation, and the modern sulfur cycle. Earth Planet. Sci. Lett.
496, 168-177 (2018).

Hilton, R. G. & West, A. J. Mountains, erosion and the carbon cycle. Nat. Rev.
Earth Env. 1,284-299 (2020).

Torres, M. A., et al. The acid and alkalinity budgets of weathering in the
Andes—Amazon system: Insights into the erosional control of global
biogeochemical cycles. Earth Planet. Sci. Lett. 450, 381-391 (2016).

Toran, L. & Harris, R. F. Interpretation of sulfur and oxygen isotopes in
biological and abiological sulfide oxidation. Geochim. Cosmochim Acta 53,
2341-2348 (1989).

Handley, K. M., ef al. The complete genome sequence for putative H»- and S-
oxidizer Candidatus Sulfuricurvum sp., assembled de novo from an aquifer-
derived metagenome. Environ. Microbiol. 16, 3443-3462 (2014).

Kelly, D. P. & Wood, A. P. Reclassification of some species of Thiobacillus to
the newly designated genera Acidithiobacillus gen. nov., Halothiobacillus gen.
nov and Thermithiobacillus gen. nov. Int. J. Syst. Evol. Micr. 50, 511-516
(2000).

Kodama, Y. & Watanabe, K. Sulfuricurvum kujiense gen. nov., sp. nov., a
facultatively anaerobic, chemolithoautotrophic, sulfur-oxidizing bacterium
isolated from an underground crude-oil storage cavity. Int. J. Syst. Evol. Micr.
54, 2297-2300 (2004).

Hensen, D., et al. Thiosulphate oxidation in the phototrophic sulphur
bacterium Allochromatium vinosum. Mol. Microbiol. 62, 794-810 (2006).
Mussmann, M., ef al. Insights into the genome of large sulfur bacteria
revealed by analysis of single filaments. Plos Biol 5, 1923-1937 (2007).
Starkenburg, S. R., ef al. Complete genome sequence of Nitrobacter
hamburgensis X14 and comparative genomic analysis of species within the
genus Nitrobacter. Appl. Environ. Microbiol. 74, 2852-2863 (2008).

Kojima, H. & Fukui, M. Sulfuricella denitrificans gen. nov., sp. nov., a sulfur-
oxidizing autotroph isolated from a freshwater lake. Int. J. Syst. Evol. Micr.
60, 2862-2866 (2010).

Sorokin, D., et al. Halophilic and haloalkaliphilic sulfur-oxidizing bacteria. In:
Eugene Rosenberg, E. F. D., Stephen Lory, Erko Stackebrandt, Fabiano
Thompson (ed). The prokaryotes: prokaryotic physiology and biochemistry.
pp 529-554 (Springer, 2013).

Rother, D., et al. Novel genes of the sox gene cluster, mutagenesis of the
flavoprotein SoxF, and evidence for a general sulfur-oxidizing system in
Paracoccus pantotrophus GB17. J. Bacteriol. 183, 4499-4508 (2001).
Friedrich, C. G., ef al. Prokaryotic sulfur oxidation. Curr. Opin. 8, 253-259
(2005).

Lee, S. N. & Kim, Y. M. Cloning and characterization of ribulose
bisphosphate carboxylase gene of a carboxydobacterium, Hydrogenophaga
pseudoflava DSM 1084. Mol. Cells 8, (1998).

15



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ghosh, W. & Dam, B. Biochemistry and molecular biology of lithotrophic
sulfur oxidation by taxonomically and ecologically diverse bacteria and
archaea. Fems Microbiol. Rev. 33, 999-1043 (2009).

Shiba, H., ef al. The CO> assimilation via the reductive tricarboxylic-acid
cycle in an obligately autotrophic, aerobic hydrogen-oxidizing bacterium,
Hydrogenobacter thermophilus. Arch. Microbiol. 141, 198-203 (1985).
Sievert, S. M., et al. Genome of the epsilonproteobacterial
chemolithoautotroph Sulfurimonas denitrificans. Appl. Environ. Microbiol.
74, 1145-1156 (2008).

Wang, Y. N,, ef al. Key internal factors leading to the variability in CO-
fixation efficiency of different sulfur-oxidizing bacteria during autotrophic
cultivation. J. Environ. Manage. 271, (2020).

Thamdrup, B., ef al. Thiosulfate and sulfite distributions in porewater of
marine sediments related to manganese, iron, and sulfur geochemistry.
Geochim. Cosmochim Acta 58, 67-73 (1994).

Kondo, R., Kasashima, N., Matsuda, H. & Hata, Y. Determination of
thiosulfate in a meromictic lake. Fish. Sci. 66, 1076-1081 (2000).

Bak, F., Schuhmann, A. & Jansen, K.-H. Determination of tetrathionate and
thiosulfate in natural samples and microbial cultures by a new, fast and
sensitive ion chromatographic technique. Fems Microbiol. Ecol. 12,257-264
(1993).

Zopfi, J., Ferdelman, T. & Fossing, H. Distribution and fate of sulfur
intermediates—sulfite, thiosulfate, and elemental sulfur—in marine sediments.
Sulfur biogeochemistry—Past and present. pp 97-116 (Geological Society of
America, 2004).

Druschel, G. K., ef al. Sulfur geochemistry of hydrothermal waters in
Yellowstone National Park, Wyoming, USA. III. An anion-exchange resin
technique for sampling and preservation of sulfoxyanions in natural waters.
Geochem. Trans. 4, 1-8 (2003).

Li, J.-L., et al. Uncovering and quantifying the subduction zone sulfur cycle
from the slab perspective. Nat. Commun. 11, 514 (2020).

Knapp, J. L., ef al. Concentration—discharge relationships vary among
hydrological events, reflecting differences in event characteristics. Hydrol.
Earth Syst. Sci. 24,2561-2576 (2020).

Arora, B,, et al. Differential CQ analysis: A new approach to inferring lateral
transport and hydrologic transients within multiple reaches of a mountainous
headwater catchment. Front. water 2, 24 (2020).

Gwenzi, W., Chinyama, S. R. & Togarepi, S. Concentration-discharge patterns
in a small urban headwater stream in a seasonally dry water-limited tropical
environment. J. Hydrol. 550, 12-25 (2017).

Hoagland, B., et al. Hyporheic zone influences on concentration-discharge
relationships in a headwater sandstone stream. Water Resour. Res. 53, 4643-
4667 (2017).

Hall, F. R. Dissolved solids-discharge relationships: 1. Mixing models. Water

Resour. Res. 6, 845-850 (1970).

McDonnell, J., et al. Moving beyond heterogeneity and process complexity: A
new vision for watershed hydrology. Water Resour. Res. 43, (2007).

Scanlon, T. M., Raffensperger, J. P. & Hornberger, G. M. Modeling transport
of dissolved silica in a forested headwater catchment: Implications for

16



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

defining the hydrochemical response of observed flow pathways. Water
Resour. Res. 37, 1071-1082 (2001).

Meyer, K. J., Carey, A. E. & You, C. F. Typhoon impacts on chemical
weathering source provenance of a high standing island watershed, Taiwan.
Geochim. Cosmochim Acta 215, 404-420 (2017).

Magnabosco, C., et al. The biomass and biodiversity of the continental
subsurface. Nat. Geosci. 11,707-717 (2018).

Dadson, S. J., et al. Links between erosion, runoff variability and seismicity in
the Taiwan orogen. Nature 426, 648-651 (2003).

Kao, S. J. & Milliman, J. D. Water and sediment discharge from small
mountainous rivers, Taiwan: The roles of lithology, episodic events, and
human activities. J. Geol. 116, 431-448 (2008).

Hsu, Y.-J., et al. Detecting rock uplift across southern Taiwan mountain belt
by integrated GPS and leveling data. Tectonophysics 744, 275-284 (2018).
Rao, S. E., Ray, L., Khan, T. & Ravi, G. Thermal conductivity, density and
porosity of sedimentary and metamorphic rocks from the Lower and Higher
Himalaya, Western Himalaya, India. Geophys. J. Int. 231, 459-473 (2022).
Chen, C.-Y., Willett, S. D., Christl, M. & Shyu, J. B. H. Drainage basin
dynamics during the transition from early to mature orogeny in Southern
Taiwan. Earth Planet. Sci. Lett. 562, 116874 (2021).

Lee, Y.-H., ef al. Out of sequence faulting in the backbone range, Taiwan:
Implications for thickening and exhumation processes. Earth Planet. Sci. Lett.
594, 117711 (2022).

Gu, X., Heaney, P. J., Reis, F. D. A. A. & Brantley, S. L. Deep abiotic
weathering of pyrite. Science 370, eabb8092 (2020).

Luef, B., et al. Diverse uncultivated ultra-small bacterial cells in groundwater.
Nat. Commun. 6, 6372 (2015).

Justin, P. & Kelly, D. P. Growth kinetics of Thiobacillus denitrificans in
anaerobic and aerobic chemostat culture. J. Gen. Microbiol. 107, 123-130
(1978).

Matassa, S., Verstraete, W., Pikaar, 1. & Boon, N. Autotrophic nitrogen
assimilation and carbon capture for microbial protein production by a novel
enrichment of hydrogen-oxidizing bacteria. Water Res. 101, 137-146 (2016).
Horgby, A., et al. Unexpected large evasion fluxes of carbon dioxide from
turbulent streams draining the world’s mountains. Nat. Commun. 10, 4888
(2019).

Peng, T. R,, et al. Stable isotopic characteristic of Taiwan's precipitation: A
case study of western Pacific monsoon region. Earth Planet. Sci. Lett. 289,
357-366 (2010).

17



100 F
E — Silicate
| — Carbonate Carbonate
—— Evaporite
_ 10 3 o%
s f @pﬁ
S é
o 3 6000“
E B
- 1k OOO.Q
z o
L & o
EX: o B0
= - Silicate ° 8
: e HLBS o CWLO1
- Evaporite °LD ° DL
o MLLO2 o CWLO04
0.01 L N N
0.1 1 10 100

Ca/Na (mol/mol)

Supplementary Fig. S1. Plot of Ca?"/Na* versus Mg?*/Na* for corrected river chemistry.
End mineral component compositions (carbonate and silicate) are provided for
comparison (in rectangles) 2. Samples collected from different tributaries are coded
with different colors.

18



1.0
| W HLBS
2 B LD
T 08|
% [ MLLO2
g B cwLo1
2 06| DL_w/o spring
c | oL correction
% B cwLo4
S 04} DL_w/o spring DL
‘S u correction
c 5
K]
S o2}
g 0.
= | LD ﬁ CWL04
HLBS MLLO2 CWLO1 ﬁ
0.0 L—x= e
b
1.0 *
o | HLBS MLLO2 CWLO1
©
S CwWL04
_g 0.8 |
(]
S 5
§ os
= [ mHes
S 5
= LD
S = DL_w/o spring
5 0.4 | M MLLO2 correction
s - W CwL01
T o2 ®WODL
w | B cwLo4
M DL_w/o spring correction
0.0

Supplementary Fig. S2. Box plots for fractions of solutes produced from silicate and
carbonate weathering at individual sites. For the Da-Lun River, results obtained
based on the solute chemistry without the correction of hot spring input are also
demonstrated for comparison.

1.0
.
i % °

ED2 038 -
5o 08f ==
U:g ° [ ]
o'
| mEm , MUL02 cwlol
33 . CWL04
.z
52 HLBS
2 o4t
gt | DL
8 o2}

0.0

Supplementary Fig. S3. Fractions of cations derived from carbonate weathering by
sulfuric acid.

19



20

e HLBS
e LD

o MLLO2 -7
© CWLO1

20F | © DL -
o CWL04 .
0 LD rain_summer PR
8 LD rain_winter .
6D (%o) A hotspring

-60 seep&creek

-80 —— GMWL
---- YuLi_summer
---- YuLi_winter
-100 L3 YuLi_summer-mean
X YuLi_winter-mean
-120 &
16 14 12 -10 -8 -6 -4 -2

8"°0 (%o)

Supplementary Fig. S4. Plot of 8D versus 8'%0 values for water. Global (dark solid line;
marked as GMWL) and local (station YuLi; blue and red dashed lines) meteoric
water lines were plotted for comparison®’.

20



1500

Observed index
5]
o
o
o—
T

500 . é -
°. Eaﬁ?é N

SED
Soil
SPR
SW -
Schist
GwW

Shannon index

CWLO01 4
DL A
CWL04 -
SED
Soil
SPR
SW A
Schist
GW

Supplementary Fig. S5. Boxplot for the alpha diversity indices of different sample
categories based on the rarefied dataset (n = 4,899). Kruskal-Wallis test indicated
that alpha diversity indices were significantly different between types of samples
and water levels (p < 0.01). Star symbols indicate significant difference between
types of samples (shown in blue) or between water levels (shown in red) with * for

ACE index

Chao1 index

2500
2000
1500 -
1000 -

500 -+

2000
1500 A
1000

.

500

E3
|
|
E3

4

Water level
$ High
B3 Low

h.

8 Q '?":' ==
~¢-éﬁ¢a =e
S S Iiigiilii
4;%02%8%0)”%)0
o [§)
* x x %
ngg P TR =
~¢éﬁﬂ19 =
9 8523933 %Y =238 2
42202%8%0,%0
o @)

p < 0.05 and ** for p < 0.01 in Dunn’s test.

21



05
0.4

0.3

]II-. -I--_

Proportion of shared ASVs

0
2 € & < € & 2 & < 2
g 2 £ 2 g £ S £ 2 s
. e o o Q = c
4 3 s g 8 3 g 3 5 5
= = < = S < 5 ©
= < =) 2 % =) B o]
% E’ < o - = %) 2
= 5 5] 9] 2 €
g k) 3 S g
S = = = s
Q
Paired sample category @
Supplementary Fig. S6. Proportion of shared ASVs for paired sample category.
a b
94 y=0.77x + 6.80, R? = 0.649, p < 0.0001 9 y=0.48x +6.70 R2 = 0.337, p < 0.0001
= *e —~
g 8 - . & . 'j) 8 - : o:
g . e, 2 e e
%- . . Ll . : . " .. o . . .
- = .
5 61 e 269 C e .
© . ® T . . 5] oo
: "_ -O .
351 -~ et g 5 - .
3 = .. .
_8-)- 44 . 57 4 1
31 3
T T T T T T T T
2 -1 0 1 2 -1 0 1
log,,sediment concentration (g L) log,,sediment concentration (g L)

Supplementary Fig. S7. Plot of 16S rRNA gene densities of Sulfuricurvum (a) and
Thiobacillus (b) members versus sediment concentrations.

22



[V]

Fraction of Sulfuricurvum copies

10 v=0762x+0.00008, R2 = 0.766, p < 0.01
.
0.8 .
. .
0.6 .
.. . .
0.4 -7
* ®* o
. . ®e
0.2 °
i ° 2 . ° . M
° . 2 ° . .
e .
00 0.2 04 06

Fraction of Sulfuricurvum amplicons

0.8

o

Fraction of Thiobacillus copies

0.4 4

0.2 4

0.0

y =1.441x + 0.0299, R?=0.338, p < 0.01

y =6.318x - 0.1531
R?=0.162, p<0.01

0.1 02 0.3

Fraction of Thiobacillus amplicons

Supplementary Fig. S8. Plots of the fractions of 16S rRNA gene copies versus of reads
related to Sulfuricurvum (a) and Thiobacillus (b) members. The (b) plot illustrates
all data points and corresponding regression statistics but two samples with
exceptionally high fractions of Thiobacillus related copies (DL s 100416 and

Supplementary Fig. S9. Three MAGs with >70%

DL s 102716) only presented in the inset.
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Supplementary Fig. S10. Key functional profiles for microbial communities recovered
from sites MLL02 and DL. The numbers of reads mapped to ORFs of defined
functions based on annotations with the KEGG Orthology database were counted
and normalized by the average numbers of metagenomic read hit to 35 single copy

COGs.
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Supplementary Fig. S11. Precipitation, discharge, and groundwater level variations
during the investigated period. Precipitation and discharge data are adopted from
the Central Weather Bureau (station Xiangyang, C0S750) and Water Resources
Agency (station HSIN-WU-LU (04), 2200H020), respectively. Groundwater level
is referred to the borehole drilled near site DL in September of 2017. Therefore,
only the data for the period after that is plotted. The borehole is located about 30
meters from the channel. The altitude of nearby river bed is approximately at about
16 m below the land surface where the well is located. For precipitation data, the
daily quantity was summed over a month period to illustrate the substantial
variations between dry and wet seasons. Red arrows represent the onset date of
typhoon impact (area subject to the wind speed of >14 m s™'), whereas light and
dark green pointers mark the sampling dates for geochemical and molecular
samples, respectively. Three periods during low water were marked with a question
mark as the discharges were unreasonably high. Therefore, the inferred discharges
were estimated using the measured channel width, measured flow velocity, and
estimated average water depth, and subsequently used for the computation of yields
(Supplementary information).
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Supplementary Fig. S12. Proportions of potential sulfur oxidizers in different sample
categories. Sample affiliations were expressed as either site for river water (LD,
MLLO02, CWLO1, DL, and CWLO04) or sample category (“SED” for sediment,
“SPR” for hot spring, “GW” for groundwater, “SW” for short path creek, and
“Schist” for rock). Samples of rivers and sediments were further categorized with
“-H” for the high-water level, and “-L” for the low-water level.
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Supplementary Fig. S13. Plot of oxygen isotope composition of sulfate versus
sediments concentration. Analyses of Pearson correlations were applied to data for
individual sites. MLL02, CWLO01, DL and CWLO04 sites have a Pearson correlation
coefficient > |0.5| and a p < 0.05 or less.
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Supplementary Fig. S14. Co-occurrence network of community members based on
pairwise Spearman’s correlation between ASVs. Each shown connection has a
correlation coefficient > |0.7| and a p < 0.01. The size of each node is proportional
to the number of connections. The left panel shows the network of samples
collected during the high-water period with ASVs colored by taxonomy (a) and
modularity (c). The right panel shows the network of samples collected during the
low-water period with ASVs colored by taxonomy (b) and modularity (d).
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Supplementary Fig. S16. Plots of sulfate concentration versus sediment concentration.
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Supplementary Fig. S17. Plots of 16S rRNA gene yield versus sulfate yield. The yields
were calculated by multiplying individual parameters with discharges. (a) and (b)
Discharges from WRA measurements; (c) and (d) low-water discharges assumed
to be 50 cms; (e) and (f) low-water discharges assumed to be 25 cms; (g) and (h)
low-water discharges assumed to be 10 cms
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Tables

Supplementary Table S1. Geochemical characteristics of water samples from different
compartments (river, short-path creek, hot spring, rain, and groundwater) of the
investigated catchment.

Supplementary Table S2. Sampling information and alpha diversity indices of the
analyzed samples based on the rarefied dataset of 16S rRNA amplicons (n =4,899).

Supplementary Table S3. Statistics of Dunn’s multiple comparison test on alpha
diversity indices between sample categories.

Supplementary Table S4. Abundances of total bacteria, and Sulfuricurvum and
Thiobacillus members based on qPCR analyses of 16S rRNA genes, and copies or
amplicon proportions of either genus to the total bacteria.

Supplementary Table S5. Genomic overview of metagenome-assembled genomes
(MAGs) recovered from MLLO02 and DL.

Supplementary Table S6. Channel widths for low water periods near site CWL04
deduced from the SPOT imagery.

Supplementary Table S7. Flow velocities measured for low water periods near site
CWLO04.
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Supplementary Table S1. Detailed solute c and isotopic of sulfate for different water samples.
Io‘w water/ T(00) oH sedimvent
high water concentration (g/L) N . ™ ™ ™
Latitude / Longitude Ca(uM) Mg (uM) Sr(uM) Na(uM) Cs(nM) Cl(uM) SO (mM) DIC(mM) 8D_H,0 8°0_H,0 &*s_s0, &°0_s04
HLBS-w-112216 23.245°N / 120.997°E low 13.9 83 0.011 2028 47 312 88 BDL 126 0.95 2.07 -88.1 -15.05 NA NA
HLBS-w-122116 23.245°N / 120.997°E low 133 83 0.004 2163 97 3.14 107 BDL BDL 1.01 135 -89.9 -13.07 20 -6.3
HLBS-w-011217 23.245°N / 120.997°E low 109 8.5 NA 2290 101 3.23 117 BDL 6.0 113 127 -90.6 -13.00 0.9 -6.1
HLBS-w-030717 23.245°N / 120.997°E low 9.9 6.5 NA 2338 105 3.28 126 138 9.0 115 2.77 -86.0 -11.93 21 -6.8
HLBS-w-041917 23.245°N / 120.997°E low 153 7.0 NA 2187 102 3.29 1m 131 BDL 1.24 2.56 -84.3 -11.98 21 -6.7
HLBS-w-052417 23.245°N / 120.997°E low 14.8 8.3 NA 2256 90 331 112 0.00 8.0 110 213 -86.8 -11.34 24 -3.9
HLBS-w-072517 23.245°N / 120.997°E high 16.5 83 NA 2148 92 3.04 107 0.99 6.3 0.96 1.02 -85.9 -11.62 19 -5.9
HLBS-W-082117 23.245°N / 120.997°E high 145 8.0 NA 2089 100 3.02 101 1.00 6.6 1.04 119 -86.4 -12.53 20 -5.7
HLBS-W-092717 23.245°N / 120.997°E low 14.9 NA NA 2081 89 3.10 100 121 5.5 0.97 2.15 -86.5 -12.30 17 -6.4
HLBS-W-112317 23.245°N / 120.997°E low 139 NA NA 2093 90 2.97 102 1.08 9.2 0.93 2.66 -88.1 -13.36 18 -6.5
HLBS-W-122017 23.245°N / 120.997°E low 1.7 83 NA 2086 91 3.05 102 0.95 53 0.99 1.82 -87.0 -12.73 2.0 -6.4
HLBS-W-012318 23.245°N / 120.997°E low 12.0 83 NA 2091 88 2.92 102 1.02 55 1.00 2.42 -83.4 -11.64 15 -7.3
LD-w-092216 23.183°N / 121.019°E high NA NA 0.674 2070 223 4.84 128 BDL 9.0 134 197 -80.9 -11.71 NA NA
LD-w-100416 23.183°N / 121.019°E high 229 8.0 0.587 1920 202 4.39 115 BDL 10.0 1.26 134 -89.1 -13.29 NA NA
LD-w-102716 23.183°N / 121.019°E high 203 82 0.288 1806 195 4.38 119 1.02 15.6 1.25 138 -91.3 -13.20 NA NA
LD-w-112316 23.183°N / 121.019°E low 19.8 84 0.037 2295 268 6.21 178 0.00 117 1.50 2.03 -85.1 -14.79 NA NA
LD-w-122116 23.183°N / 121.019°E low 17.8 83 0.007 2296 269 6.46 214 9.42 12.8 157 136 -84.9 -12.38 -4.8 -0.7
LD-w-011117 23.183°N / 121.019°E low 16.5 8.2 0.005 2441 282 6.78 265 BDL 12.0 181 1.27 -78.3 -11.76 -4.2 -0.7
LD-w-030717 23.183°N / 121.019°E low 14.9 6.5 0.003 2530 281 7.21 310 4.16 13.0 1.83 131 -80.2 -11.21 -4.9 -0.9
LD-w-041917 23.183°N / 121.019°E low 235 7.0 0.006 2229 247 7.36 207 BDL BDL 171 2.01 -79.9 -11.24 -5.6 -2.7
LD-w-052417 23.183°N / 121.019°E low 217 8.3 0.026 2003 194 5.60 153 BDL 8.0 1.28 173 -78.8 -11.00 -6.0 -2.6
LD-w-062117 23.183°N / 121.019°E high 19.9 8.2 0.385 1707 163 4.09 98 0.49 13.2 1.09 111 <775 -11.03 -6.6 -3.3
LD-w-072517 23.183°N / 121.019°E high 24.4 8.2 0.096 2126 237 5.92 192 3.21 9.7 141 0.87 -77.0 -11.22 -5.3 -1.6
LD-W-082117 23.183°N / 121.019°E high 213 8.0 0.018 2082 176 219 154 0.50 11.0 145 114 -82.3 -11.68 -5.3 -2.1
LD-W-092717 23.183°N / 121.019°E low 236 82 0.039 1990 238 6.06 188 2.62 BDL 142 170 -81.9 -11.79 -5.2 -1.0
LD-W-112317 23.183°N / 121.019°E low 189 NA 0.028 2275 265 6.51 194 279 9.8 150 247 -80.1 -12.35 -5.2 -0.8
LD-W-122017 23.183°N / 121.019°F low 15.8 8.5 0.013 2314 260 6.59 214 2.81 104 1.58 141 -79.8 -11.86 -5.0 -0.9
LD-W-012318 23.183°N / 121.019°E low 16.4 82 0.008 2122 223 5.67 173 2.77 8.1 142 197 -87.1 -12.53 -6.1 -3.2
MLL-w-092216 23.172°N / 121.035°E high NA NA 23.995 2941 618 575 144 BDL BDL 278 NA -822 -11.66 NA NA
MLL-w-100416 23.172°N / 121.035°E high 220 79 22.225 2530 476 4.56 119 BDL 16.0 2.36 NA -83.6 -13.90 NA NA
MLL-w-102716 23.172°N / 121.035°E high 205 8.1 1.038 2515 471 5.27 107 0.57 27.1 213 NA -90.4 -13.52 NA NA
MLL-w-112316 23.172°N / 121.035°E low 201 83 0.285 2979 611 717 129 BDL 16.5 2.47 NA -84.6 -14.64 NA NA
MLL-w-122116 23.172°N / 121.035°E low 185 8.4 0.119 2995 602 7.33 142 7.06 76.0 2.52 NA -84.3 -12.27 -4.5 2.4
MLL-w-011117 23.172°N / 121.035°E low 16.4 83 0.051 3134 609 7.42 161 BDL 14.4 2.74 115 -82.9 -11.65 -39 22
MLLO1-w-030817 23.172°N / 121.035°E low NA 7.8 NA 3591 700 8.55 150 1.38 24.0 3.40 141 -72.7 -10.67 -3.7 1.2
MLLO2-w-030817 23.172°N / 121.035°E low NA NA 1724 2933 522 6.61 144 1.07 10.0 261 1.59 NA NA NA NA
MLLO2-w-042017 23.172°N / 121.035°E low 21.0 7.3 0.115 2971 574 8.02 145 0.97 BDL 2.85 171 -78.2 -10.77 -3.6 15
MLLO2-w-052417 23.172°N / 121.035°E low 242 8.2 1.744 2590 455 6.21 122 BDL BDL 220 1.04 -78.1 -10.97 -4.0 0.5
MLLO2-w-060617 23.172°N / 121.035°E high 218 83 7.943 2169 376 3.92 91 BDL BDL 1.95 0.80 -76.0 -11.10 -6.9 -1.0
MLLO2-w-072517 23.172°N / 121.035°E high NA NA 0.087 2879 524 6.25 129 132 9.9 217 0.85 -76.5 -11.11 -3.7 16
MLL02-W-082117 23.172°N / 121.035°E high 216 8.1 0.024 2748 548 6.60 121 1.70 89 253 120 -824 -11.79 -4.7 23
MLL02-W-092617 23.172°N / 121.035°E low 24.2 7.9 0.083 2750 559 6.94 134 1.45 BDL 2.30 167 -816 -11.55 -4.1 17
MLL02-W-112217 23.172°N / 121.035°E low 19.6 NA 0.133 2940 587 7.14 137 1.14 9.0 237 247 -80.7 -12.06 -3.9 16
MLLO2-W-121917 23.172°N / 121.035°E low 15.9 86 0.130 2954 571 7.03 134 119 9.2 242 187 -81.2 -11.93 -4.3 2.0
MLL02-W-012218 23.172°N / 121.035°E low 18.4 8.5 0.162 2878 527 6.53 128 0.75 87 2.36 197 -80.3 -11.63 -4.6 0.5
CWLO01-w-092216 23.134°N / 121.119°E high NA NA 4.861 1846 388 4.08 215 BDL 26.2 1.29 141 -86.1 -12.65 NA NA
CWLO01-w-100416 23.134°N / 121.119°E high 227 79 5.952 1730 339 3.76 173 BDL 20.4 124 184 -89.9 -13.82 NA NA
CWLO01-w-102716 23.134°N / 121.119°E high 217 78 1977 1815 327 4.23 203 0.18 35.0 129 137 -935 -13.62 NA NA
CWLO01-w-112316 23.134°N / 121.119°E low 218 83 0.104 2083 408 5.48 284 BDL 27.4 1.43 1.50 -86.3 -14.91 NA NA
CWL01-w-122016 23.134°N / 121.119°E low 19.7 83 0.023 2102 433 5.74 372 20.13 30.1 141 131 -85.7 -12.16 -5.2 0.3
CWL01-w-011017 23.134°N / 121.119°E low 183 8.3 0.011 2138 436 5.89 473 0.00 34.0 1.49 NA -86.0 -12.33 -5.3 13
CWL01-w-030717 23.134°N / 121.119°E low 16.9 8.0 0.004 2160 429 6.18 598 20.65 420 1.68 174 -85.3 -11.57 -5.0 16
CWL01-w-041817 23.134°N / 121.119°E low 25.2 7.7 0.025 1963 350 6.41 426 18.45 338 1.66 1.66 -81.1 -11.60 -5.8 14
CWLO01-w-052317 23.134°N / 121.119°E low 25.0 8.3 0.486 1885 280 5.29 298 BDL 21.0 131 1.96 -86.1 -11.43 -5.2 1.0
CWLO01-w-060617 23.134°N / 121.119°E high 226 8.1 13.721 1459 227 2.93 146 BDL 13.0 1.51 1.23 -80.2 -11.73 -6.2 -3.3
CWLO01-w-062017 23.134°N / 121.119°E high 19.8 8.1 6.177 1575 228 3.44 162 0.39 17.3 0.97 0.98 -82.2 -11.80 -5.9 -2.5
CWLO01-w-072417 23.134°N / 121.119°E high 257 8.1 0.138 1553 368 5.16 348 8.75 30.2 1.40 0.91 -79.7 -12.24 -4.5 0.8
CWL01-W-082017 23.134°N / 121.119°E high 26.2 8.1 0.062 1766 365 4.97 285 6.92 24.0 132 138 -84.6 -12.00 -4.6 -0.1
CWLO01-W-092617 23.134°N / 121.119°E low 26.6 8.2 0.047 1758 374 5.23 321 9.96 27.5 1.32 1.86 -85.5 -12.22 -4.5 0.7
CWL01-W-101817 23.134°N / 121.119°E high 212 79 6.592 1668 344 3.57 180 0.44 23.0 1.05 2.06 -89.2 -11.99 -6.2 -16
CWL01-W-112217 23.134°N / 121.119°E low NA NA 0.234 2006 419 5.54 323 10.20 283 137 2.62 -85.1 -12.34 -4.8 0.9
CWLO01-W-122017 23.134°N / 121.119°E low 18.4 8.5 0.053 2004 392 5.58 362 12.21 30.5 137 175 -84.3 -12.41 -4.7 13
CWL01-W-012318 23.134°N / 121.119°E low 18.8 8.3 0.016 1981 349 5.26 345 11.18 26.5 1.44 233 -83.0 -12.24 -5.5 -13
DL-w-092216 23.133°N / 121.119°E high NA NA 1.008 1329 169 244 227 0.00 57.5 0.70 141 -834 -12.69 NA NA
DL-w-100416 23.133°N / 121.119°E high 213 79 2.785 1159 149 211 188 0.00 46.9 0.66 138 -86.8 -14.02 NA NA
DL-w1-102716-09 23.133°N / 121.119°E high 20.6 8.1 0.709 1169 142 222 213 15.75 138.0 0.64 1.78 -89.6 -14.19 NA NA
DL-w3-102716-14 23.133°N / 121.119°E high NA NA NA 1179 145 223 224 2.73 61.4 0.64 NA -94.6 -13.87 NA NA
DL-w-110816-17 23.133°N / 121.119°E low 21.0 8.1 0.489 1389 178 3.06 393 0.00 139.0 0.82 NA -90.5 -13.24 NA NA
DL-w-122016 23.133°N / 121.119°E low 207 8.3 0.011 1588 210 3.47 814 77.59 3118 0.95 138 -86.1 -12.46 -5.2 0.4
DL-w-122216 23.133°N / 121.119°E low 195 83 0.016 1578 209 343 821 78.18 298.8 0.95 141 -89.3 -12.56 -5.0 0.7
DL-w-011017 23.133°N / 121.119°E low 195 8.5 0.006 1634 212 3.62 1140 69.56 387.3 110 174 -78.0 -11.92 -4.9 15
DL-w-030717 23.133°N / 121.119°E low 186 82 0.003 1712 222 3.98 1601 127.7 560.3 122 223 -81.6 -11.47 -4.3 0.8
DL-w-041817 23.133°N / 121.119°E low 265 78 0.008 1560 206 3.70 1189 118.6 451.5 118 177 <796 -11.68 -5.1 -0.6
DL-w-052317 23.133°N / 121.119°E low 245 83 0.030 1413 161 2.88 671 26.22 215.0 0.87 198 -84.2 -11.58 -4.7 -1.0
DL-w-060617 23.133°N / 121.119°E high 222 8.0 9.624 1024 119 141 152 0.42 305 0.55 0.96 -80.5 -10.86 72 -17
DL-w-062017 23.133°N / 121.119°E high 19.8 8.0 3.161 1100 126 157 192 0.42 56.6 0.73 133 -81.0 -11.54 -6.8 -18
DL-w-072417 23.133°N / 121.119°E high 273 8.1 0.246 1894 191 3.05 805 32.60 280.4 0.90 114 -84.3 -10.93 -4.4 -0.5
DL-W-082017 23.133°N / 121.119°E high 27.2 8.0 0.132 1406 189 282 558 27.52 206.5 0.92 2.69 -84.6 -12.27 -4.4 0.0
DL-W-092617 23.133°N / 121.119°E low 27.4 8.2 0.018 1394 186 312 674 57.30 2429 0.85 2,00 -84.5 -12.12 -4.0 0.5
DL-W-101817 23.133°N / 121.119°E high 20.8 8.1 3.273 1127 141 1.80 154 0.44 29.6 0.53 1.47 -90.2 -11.99 -6.6 -2.5
DL-W-112217 23.133°N / 121.119°E low NA NA 0.234 1618 206 3.27 690 18.35 2433 1.00 2,94 -87.5 -12.39 -4.4 0.3
DL-W-122017 23.133°N / 121.119°E low 204 8.6 0.053 1667 212 3.57 965 56.71 364.9 110 172 -84.2 -12.29 -4.3 0.7
DL-W-012318 23.133°N / 121.119°E low 20.4 83 0.077 1589 193 3.22 907 57.04 339.9 1.06 224 -84.2 -11.96 -5.2 -0.8
DLO2-W-010818 23.110°N /121.109°E low 17.5 7.8 NA 357 151 295 105 BDL 16.4 0.36 1.62 -78.1 -11.26 NA NA
CWL04-w-092216 23.127°N / 121.171°E high NA NA 6.104 1503 262 318 195 BDL 36.1 0.94 118 -85.3 -12.53 NA NA
CWL04-w-100416 23.127°N / 121.171°E high 211 79 5.722 1373 220 276 171 BDL 324 0.89 1.55 -87.2 -13.85 NA NA
CWL04-w-102716 23.127°N / 121.171°E high 20.5 7.8 2.207 1377 214 295 188 0.47 39.7 0.86 142 -93.3 -13.47 NA NA
CWL04-w-112316 23.127°N / 121.171°E low 22.9 7.8 0.009 2293 374 6.00 456 BDL 1353 142 173 -81.8 -14.10 NA NA
CWL04-w-122016 23.127°N / 121.171°E low 20.1 8.2 0.012 1850 310 4.67 556 41.89 154.9 1.16 1.95 -79.2 -10.88 -4.5 0.4
CWL04-w-011017 23.127°N / 121.171°E low 233 7.9 0.003 2370 357 578 696 BDL 208.4 1.49 1.40 -80.7 -11.62 -3.2 11
CWL04-w-030817 23.127°N / 121.171°E low NA 8.0 0.002 2148 316 5.04 800 191 2310 161 178 -83.5 -10.81 -3.8 0.2
CWL04-w-041917 23.127°N / 121.171°E low 263 74 0.001 1900 306 4.67 432 27.09 2255 137 179 -78.8 -11.45 -4.6 -0.5
CWL04-w-052417 23.127°N / 121.171°E low 26.6 8.1 0.277 1750 232 4.28 514 1.46 130.0 119 212 -81.8 -11.41 -3.7 -15
CWL04-w-060617 23.127°N / 121.171°E high 226 8.1 12.234 1269 175 224 162 BDL 16.7 0.78 112 -81.3 -11.20 -6.3 -2.4
CWL04-w-062017 23.127°N / 121.171°E high 19.8 82 4.754 1350 180 2.54 178 0.35 365 0.70 168 -80.0 -11.29 -5.9 -2.8
CWL04-w-072417 23.127°N / 121.171°E high 289 8.0 0.206 1688 270 4.07 529 14.68 151.9 113 1.07 -84.2 -11.13 -3.8 -0.1
CWL04-W-082017 23.127°N / 121.171°E high 26.2 75 0.265 1555 264 3.79 402 10.61 114.7 112 243 -83.3 -11.86 -4.0 0.5
CWLO04-W-092717 23.127°N / 121.171°E low 275 8.2 0.062 1551 261 4.00 469 29.83 1351 1.06 2.03 -85.1 -12.14 -34 0.4
CWL04-W-101917 23.127°N / 121.171°E high 206 8.0 4.219 1402 239 2.76 166 0.41 26.8 0.77 1.87 -84.8 -12.24 -5.4 -1.9
CWL04-W-112317 23.127°N / 121.171°E low 220 NA 0.148 1784 294 431 468 11.00 130.4 1.14 278 -85.7 -12.28 -33 0.2
CWL04-W-122017 23.127°N / 121.171°E low 19.4 8.6 0.090 1817 294 4.55 601 24.79 175.9 1.22 1.66 -84.5 -12.12 -33 16
CWLO04-W-012218 23.127°N / 121.171°E low 212 8.4 0.005 2169 337 5.15 559 3.02 166.8 155 253 -79.8 -11.67 -4.3 -2.0



Spring Ca(uM)  Mg(uM)  Sr(uM)  Na(uM) Cs(nM)  Cl (M)  SO,”(mM) DIC(mM) &D_H20 8180_H20  §345_SO4  §180_SO4
LS01-5pr-030817 23.224°N / 120.813°E 520 81 1051 4437 1212 10905 712 140 0.61 126 -93.0 -12.69 7.7 12
LK-5pr-030717 23.175°N / 121.030°E 939 66 73 14.8 9.31 11706 636 607 0.39 134 -83.1 -11.19 NA NA
LK-spr-072517 23.175°N / 121.030°E NA NA 129 125 8.17 12747 594 568 0.15 15.5 -77.7 -10.73 NA NA
WL-spr-030717 23.174°N / 121.042°E 409 6.6 59 7.4 3.70 12468 474 286 0.87 119 -83.5 -11.49 523 6.7
LLO1-spr-030817 23.124°N / 121.053°E 890 9.1 27 44.0 2.70 25537 3784 12844 1.87 163 -76.0 -8.48 14.2 31
LL02-spr-030817 23.124°N / 121.050°E 8.5 9.1 18 182 0.72 21465 3316 10366 1.48 156 733 -8.19 145 0.2

Groundwater Ca(uM)  Mg(uM)  Sr(uM)  Na(uM) Cs(nM)  Cl (M)  SO,”(mM) DIC(mM) &D_H20 8180_H20  §345_SO4  §180_SO4
DL-BH02-67m-W-091218 23.131°N / 121.117°E NA 7.74 3504 594 63.6 7498 55 1328 9.19 3.30 -74.8 -10.66 38.8 11.5
DL-BHO2-67m-W-101518  23.131°N/ 121.117°E NA 754 2399 408 46.4 4187 42 787 6.03 3.16 -63.6 -9.45 385 115
DL-BH02-85m-W-101518  23.131°N / 121.117°E NA 743 1778 285 30.9 4152 26 360 4.01 1.24 -55.8 -8.37 36.6 10.0

Rain Ca(uM)  Mg(uM)  Sr(uM)  Na(uM) Cs(nM)  Cl (M)  SO."(TM)  DIC(mM) &D_H20 8180_H20  §345_SO4  §180_SO4
LD-rw-072517 23.187°N / 121.025°E - NA 23.2 125 0.35 9.1 0.15 17.8 210 0.22 -37.2 -5.73 NA NA
LD-rw-072617 23.187°N/ 121.025°E - NA 237 88 0.52 28 0.10 5.9 6.5 0.13 294 -4.56 NA NA
LD-rw-072717 23.187°N / 121.025°E - NA 15.0 110 0.21 48 0.23 14.2 12.9 0.05 -17.3 -3.62 NA NA
LD-rw-073117 23.187°N/ 121.025°E - NA 235 115 0.36 35 0.05 14.4 9.6 0.24 -77.6 -8.86 NA NA
LD-rw-010418 23.187°N/ 121.025°E - NA 267 26.1 0.45 1338 BDL 256 319 0.17 -17.8 -4.74 NA NA
LD-rw-010518 23.187°N / 121.025°E - NA 116 22 0.15 14 BDL 36 23 0.08 -24.2 5.25 NA NA
LD-rw-010718 23.187°N / 121.025°E - NA 9.0 6.4 0.10 1.2 BDL 5.6 7.4 0.09 -40.2 -6.88 NA NA

"NA": not available/no analysis
"'-": no this type of data
"BDL": below detection limit



Supplementary Table S2. Sampling information and alpha diversity indices of the analyzed samples based on the rarefied dataset of 16S rRNA amplicons (n = 4,899).

low water/ QObserved

Sample name Site Latitude / Longitude Date Type  high water species ~ Chaol  se.chaol ACE se.ACE  Shannon

CWLO01_w_091216 CWLO1 23.134°N /121.119°E  2016.09.12 Water high 231  251.04 9.08 247.77 7.15 4.03
CWLO01_w_092216 CWLO1 23.134°N / 121.119°E  2016.09.22 Water high 402 500.72 23.34  508.19 10.91 3.97
CWLO01 w_100416 CWLO1 23.134°N/121.119°E  2016.10.04 Water high 180  193.59 6.68  198.07 6.56 3.29
CWLO01_w_102716 CWLO1 23.134°N /121.119°E  2016.10.27 Water high 450 571.63 27.02 573.01 11.70 4.59
CWLO01_w_011017 CWLO1 23.134°N /121.119°E ~ 2017.01.10 Water low 816  890.54 16.33  898.97 12.43 6.27
CWLO01_w_030717 CWLO1 23.134°N/121.119°E ~ 2017.03.07 Water low 1252 1675.41 51.01 1733.76 21.71 6.43
CWLO01_w_052317 CWLO1 23.134°N /121.119°E  2017.05.23 Water low 499  557.72 1537  556.66 9.90 4.94
CWLO01_s_ 060617 CWLO1 23.134°N / 121.119°E  2017.06.06 SED high 181  298.43 38.03  263.95 8.65 2.42
CWLO01_w_060617 CWLO1 23.134°N/121.119°E  2017.06.06 Water high 132 137.69 4.19 13848 5.61 2.80
CWLO01_w_062017 CWLO1 23.134°N /121.119°E  2017.06.20 Water high 412 781.58 70.63  812.60 17.31 3.71
CWLO01_w_092617 CWLO1 23.134°N / 121.119°E  2017.09.26 Water low 722 81145 19.00 821.63 12.65 5.84
CWL04 w 091216 CWL04 23.127°N/121.171°E ~ 2016.09.12 Water high 501 569.83 16.60  585.45 10.85 4.90
CWL04_w_092216 CWL04 23.127°N /121.171°E ~ 2016.09.22 Water high 149 156.50 5.23 155.79 6.10 3.64
CWL04_w_100416 CWL04 23.127°N /121.171°E ~ 2016.10.04 Water high 211 248.60 1426 24297 7.16 343
CWL04 w_102716 CWL04 23.127°N /121.171°E 2016.10.27 Water high 393 484.98 23.99  470.64 10.12 4.58
CWL04_w_011017 CWL04 23.127°N /121.171°E ~ 2017.01.10 Water low 717 793.99 17.32 794.13 11.51 5.86
CWL04_w_030817 CWL04 23.127°N /121.171°E  2017.03.08 Water low 643  695.81 14.09  690.85 10.93 5.77
CWL04 w_052417 CWL04 23.127°N/121.171°E ~ 2017.05.24 Water low 590  636.06 12.51  640.09 10.81 5.64
CWL04_w_060617 CWL04 23.127°N /121.171°E ~ 2017.06.06 Water high 205 234.22 11.22 23834 7.17 2.96
CWL04_s_060617 CWL04 23.127°N /121.171°E  2017.06.06 SED high 360 477.25 26.63  498.48 11.70 3.65
CWL04 w_062017 CWL04 23.127°N/121.171°E ~ 2017.06.20 Water high 183 199.24 8.76  193.88 6.34 3.51
CWL04_w_092717 CWL04 23.127°N /121.171°E ~ 2017.09.27 Water low 338  347.50 5.73  344.48 9.00 5.18
DL w_091216 DL 23.133°N /121.119°E  2016.09.12 Water high 731 793.79 15.63 78391 11.21 6.05
DL s 091216 DL 23.133°N/121.119°E 2016.09.12 SED high 371 393.56 8.71 394.34 9.09 4.99
DL w_092216 DL 23.133°N/121.119°E  2016.09.22 Water high 369 42478 15.87  434.75 9.76 4.51
DL s_092216 DL 23.133°N /121.119°E  2016.09.22 SED high 273 326.63 16.46  335.08 9.00 3.84
DL _w_100416 DL 23.133°N /121.119°E 2016.10.04 Water high 278  301.52 8.97 30743 7.91 4.18
DL s_100416 DL 23.133°N/121.119°E  2016.10.04 SED high 199  224.16 10.48  225.82 7.10 3.70
DL w_102716 DL 23.133°N /121.119°E  2016.10.27 Water high 386 422.62 11.07 438.12 9.36 4.62
DL s 102716 DL 23.133°N /121.119°E 2016.10.27 SED high 207 23479 12.76  223.89 7.01 4.02
DL w_011017 DL 23.133°N/121.119°E ~ 2017.01.10 Water low 694  776.94 19.21 76391 11.77 5.95
DL s 011017 DL 23.133°N /121.119°E  2017.01.10 SED low 487  536.69 14.68  530.32 10.39 5.34
DL _w_030717 DL 23.133°N/121.119°E  2017.03.07 Water low 789  988.15 32.13 1015.06 15.15 4.94
DL s 030717 DL 23.133°N/121.119°E  2017.03.07 SED low 646  689.06 11.44  699.62 10.66 5.38
DL w_052317 DL 23.133°N /121.119°E  2017.05.23 Water low 1149  1500.12 46.25 1511.52 19.39 6.37
DL s 052417 DL 23.133°N /121.119°E 2017.05.24 SED low 442 469.82 11.04  458.46 9.88 5.56
DL w_060617 DL 23.133°N/121.119°E  2017.06.06 Water high 181 187.77 417 19091 6.01 3.00
DL _s_060617 DL 23.133°N /121.119°E  2017.06.06 SED high 449  646.40 38.14  671.28 14.45 3.52
DL w_062017 DL 23.133°N/121.119°E 2017.06.20 Water high 196  216.78 9.41 217.20 7.00 3.62
DL s 062017 DL 23.133°N/121.119°E  2017.06.20 SED high 188 200.04 6.36  201.30 6.64 3.70
DL w_092617 DL 23.133°N /121.119°E  2017.09.26 Water low 910 1165.32 38.96 1183.41 17.04 6.05
LD w_091216 LD 23.183°N /121.019°E 2016.09.12  Water high 506  523.22 6.65 52748 9.54 5.46
LD w_092216 LD 23.183°N/121.019°E  2016.09.22 Water high 392 406.44 6.30  408.05 9.00 5.10
LD_w_100416 LD 23.183°N /121.019°E  2016.10.04 Water high 444 491.75 13.73 49235 9.62 4.99
LD w_102716 LD 23.183°N /121.019°E 2016.10.27 Water high 717 868.21 27.50  881.13 13.83 5.56
LD w 011117 LD 23.183°N/121.019°E ~ 2017.01.11 Water low 906  992.68 17.78  994.01 12.22 6.39
LD_w_030717 LD 23.183°N /121.019°E  2017.03.07 Water low 1087 134431 36.02 1376.59 17.21 6.04
LD _w_052417 LD 23.183°N /121.019°E 2017.05.24 Water low 905 1036.82 2428 1028.43 13.45 6.33
LD w_062117 LD 23.183°N/121.019°E  2017.06.21 Water high 358 379.02 8.47 378.60 8.97 4.89
LD_w_092617 LD 23.183°N /121.019°E  2017.09.26 Water low 262 262.08 0.34 26241 8.02 4.98
LK spr 030717 LK 23.175°N /121.030°E  2017.03.07 SPR NA 839  996.56 26.84 1011.43 13.87 5.63
LLO1_spr_030817 LLOL 23.124°N /121.053°E  2017.03.08 SPR NA 445  575.10 26.88  605.02 12.98 3.84
LLO02_spr_030817 LLO02 23.124°N / 121.050°E  2017.03.08 SPR NA 354 417.80 17.82  416.56 9.20 3.63
LSO01_spr 030817 LS01 23.224°N /120.813°E ~ 2017.03.08 SPR NA 1001 1626.14 76.20 1778.59 26.79 5.64
MLL w_011117 MLL 23.172°N /121.035°E ~ 2017.01.11 Water low 1460 2305.60 83.53 2567.34 32.70 6.46
MLL_w_091216 MLL 23.172°N / 121.035°E  2016.09.12 Water high 191  211.52 9.17  214.26 6.85 3.07
MLL w_092216 MLL 23.172°N /121.035°E 2016.09.22  Water high 210 213.25 2.68 21442 7.06 3.68
MLL w_100416 MLL 23.172°N /121.035°E  2016.10.04 Water high 199  231.23 12.23 23524 7.09 2.81
MLL_w_102716 MLL 23.172°N /121.035°E  2016.10.27 Water high 270  286.84 7.28  290.40 7.82 4.13
MLLO02 s 060617 MLLO02 23.172°N / 121.035°E 2017.06.06 SED high 696  750.15 14.11 745.53 11.48 6.04
MLLO02_w_030817 MLLO02 23.172°N /121.035°E  2017.03.08 Water low 950 1207.56 38.69 1200.27 16.36 6.05
MLLO02_w_052417 MLLO02 23.172°N /121.035°E  2017.05.24 Water low 392 492.01 2326 504.61 11.22 3.89
MLLO02_w_060617 MLLO02 23.172°N / 121.035°E 2017.06.06 Water high 127 134.00 5.06 133.06 5.26 2.48
MLLO02 w_062117 MLLO02 23.172°N /121.035°E  2017.06.21 Water high 281  340.08 16.90  362.62 9.83 3.18
MLLO02_w_092617 MLLO02 23.172°N /121.035°E ~ 2017.09.26 Water low 792 95331 27.59  982.94 14.57 5.53
SCIH_01 soil 011117 SCIH_01  23.133°N/121.144°E 2017.01.11 Soil NA 1488 1848.76 42.88 1868.13 19.87 6.94
SCIH_03_soil 011117 SCIH_03  23.134°N/121.122°E ~ 2017.01.11 Soil NA 675  693.01 6.62  695.54 10.53 6.09
SCIH_03_soil 122016 SCIH_03 23.142°N/121.100°E  2016.12.20 Soil NA 811  854.48 11.41 857.53 11.45 6.32
SCIH_04 schist 011117 SCIH_04 23.160°N/121.049°E  2017.01.11 Schist NA 527  555.84 9.43  558.08 10.03 5.40
SCIH_05_schist 011117 SCIH 05 23.180°N/121.024°E  2017.01.11 Schist NA 262 26547 291  265.34 7.73 4.50



SCIH_05_soil 122116
SCIH_06_soil_122116
SCIH_10_soil 011217
SHO07_sw_011217
SH16_sw_052417
SH17_sw_052417
SHI18 sw_052417
SH19_sw_052417
SM_spr_030817
WL_spr_030717
soil_38_052417
soil_40_052417

DL BHO02 67m W _101518
DL BH02 70m W 091218
DL BHO02 85m W 101518

SCIH_05
SCIH_06
SCIH_10
SHO7
SH16
SH17
SHI8
SH19
SM

WL
SH16
SHI8
DL-BHO02
DL-BH02
DL-BH02

23.240°N /121.003°E
23.245°N /120.997°E
23.245°N /120.997°E
23.240°N /121.003°E
23.240°N /121.003°E
23.171°N / 121.036°E
23.159°N / 121.050°E
23.153°N /121.065°E
23.156°N / 121.062°E
23.173°N / 121.042°E
23.240°N /121.003°E
23.160°N / 121.050°E
23.131°N /121.117°E
23.131°N /121.117°E
23.131°N /121.117°E

2016.12.21
2016.12.21
2017.01.12
2017.01.12
2017.05.24
2017.05.24
2017.05.24
2017.05.24
2017.03.08
2017.03.07
2017.05.24
2017.05.24
2018.10.15
2018.09.12
2018.10.15

Soil
Soil
Soil
SW
SW
SW
SW
SW
SPR
SPR
Soil
Soil
GW
GW
GW

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

1377
513
1491
431
1090
508
732
673
760
205
624
1000
589
403
610

1799.57
523.16
1936.66
486.12
1254.28
574.45
797.82
710.50
1061.14
276.19
646.10
1118.91
645.29
425.97
663.23

48.84

5.46
49.72
14.88
26.08
17.33
15.67
11.50
43.85
22.96

8.27
22.61
15.34

8.50
14.07

1865.23
519.79
1993.43
490.30
1274.07
566.11
793.31
700.05
1151.39
276.68
641.19
1094.80
633.75
428.01
660.72

21.78
10.45
22.70

9.28
15.02

9.95
11.42
10.80
19.79

8.76
10.96
12.00
10.50

9.14
10.82

6.58
5.95
6.81
4.25
6.52
4.88
6.06
6.13
5.15
3.30
6.10
6.53
5.64
4.86
5.67

1. Abbreviations for column names include "Chaol" for Chaol richness estimator, "se.Chaol" for standard error of Chaol's estimator, "ACE" for abundance-based
coverage estimator, "se.ACE" for standard error of abundance-based coverage estimator, and “Shannon” for Shannon—Wiener diversity index.

2. Abbreviations for sample types include "Water" for river water, "SED" for benthic sediment, "SPR" for hot spring, "SW" for short path creek, and "GW" for



Supplementary Table S3. Statistics of Dunn’s multiple comparison test on alpha diversity indices between types of samples.

Comparison Observed species ACE Shannon'
Z p Z p Z p

Schist — SED” 0.25 0.80 0.00 1.00 0.47 0.64
Schist - Soil -1.79 0.07 -1.80 0.07 -1.86 0.06
SED” - Soil 351 0.00 -3.13 0.00 -4.02 0.00
Schist— SPR -0.71 0.48 -1.10 0.27 0.32 0.75
SED’ - SPR* -1.54 0.12 -1.80 0.07 -0.20 0.84
Soil - SPR? 1.54 0.12 0.97 0.33 3.22 0.00
Schist - SW* -1.10 0.27 -1.14 0.26 -0.86 0.39
SED” - SW* -2.08 0.04 -1.80 0.07 -2.03 0.04
Soil - SW? 0.87 0.38 0.83 0.41 1.33 0.18
SPR” - SW* -0.56 0.58 -0.09 0.93 -1.62 0.11
Schist - Water -0.28 0.78 -0.47 0.64 0.06 0.95
SED” - Water -1.21 0.23 -1.06 0.29 -0.99 0.32
Soil - Water 3.18 0.00 2.84 0.00 3.98 0.00
SPR? - Water 0.88 0.38 1.29 0.20 -0.51 0.61
SW? - Water 1.53 0.13 1.31 0.19 1.62 0.11
Schist - GW? -0.53 0.60 -0.54 0.59 -0.47 0.64
SED’ - GW? -1.04 0.30 -0.77 0.44 -1.22 0.22
Soil - GW* 1.37 0.17 1.37 0.17 1.55 0.12
SPR® - GW* 0.14 0.89 0.57 0.57 -0.97 0.33
SW>- GW’ 0.60 0.55 0.63 0.53 0.40 0.69
Water - GW’ -0.47 0.64 -0.26 0.80 -0.79 0.43

1. Abbreviations of alpha diversity indices are the same as Supplementary Table S2.

2. Abbreviations for sample types include "Water" for river water, "SED" for benthic sediment, "SPR"
for hot spring, "SW" for short path creek, and "GW" for groundwater.



Supplementary Table S4. Abundances of total bacteria, and Sulfuricurvum and Thiobacillus members based on gPCR analyses of 16S rRNA genes, and
copies or amplicon proportions of either genus to the total bacteria

Sample name Type Sulfuricurvum Thiobacillus Sulfuricurvum  Thiobacillus  Sulfuricurvum  Thiobacillus
copies amplicon
(copies L' or g'l) (copies L' or g’l) (copies L' or g'l) proportion proportion  proportion proportion

CWLO1_s 060617 SED' 1.09E+06 5.23E+05 1.81E+05 48.1% 16.7% 73.8% 11.3%
CWLO1 w 011017 Water” 2.78E+07 1.31E+06 2.53E+06 4.7% 9.1% 0.2% 2.8%
CWLO1 w 030717 Water” 6.77E+05 0.00E+00 1.41E+04 0.0% 2.1% 0.4% 0.2%
CWLO01 w 052317 Water” 2.01E+07 4.48E+06 1.65E+07 22.3% 82.1% 21.7% 21.9%
CWLO1 w 060617 Water” 2.99E+07 1.77E+07 3.00E+06 59.2% 10.0% 71.6% 5.6%
CWLO1 w 062017 Water” 7.76E+08 2.98E+08 9.73E+07 38.4% 12.5% 50.3% 13.2%
CWLO1 w 091216 Water” 2.68E+07 7.09E+06 1.28E+07 26.5% 47.8% 27.7% 28.3%
CWLO1 w 092216 Water” 9.49E+07 1.21E+07 5.17E+06 12.8% 5.4% 49.3% 8.1%
CWLO1 w 092717 Water” 5.69E+05 8.54E+04 2.52E+04 15.0% 4.4% 0.8% 2.4%
CWLO1 w 100416 Water” 3.83E+08 1.66E+08 5.65E+07 43.3% 14.8% 56.0% 11.2%
CWLO1 w 102716 Water” 9.38E+07 3.01E+07 2.24E+07 32.1% 23.9% 29.7% 12.6%
CWL04 s 060617 SED' 2.63E+05 2.41E+04 3.71E+05 9.2% 141.4% 33.2% 18.5%
CWLO04 w 011017 Water” 3.12E+07 2.79E+05 1.50E+05 0.9% 0.5% 0.4% 0.3%
CWLO04 w 030817 Water” 1.59E+06 0.00E+00 0.00E+00 0.0% 0.0% 0.3% 0.0%
CWLO04 w 052417 Water” 6.82E+07 1.43E+06 1.57E+07 2.1% 23.0% 7.6% 10.8%
CWLO04 w 060617 Water” 7.44E+06 4.08E+06 3.92E+05 54.8% 5.3% 73.4% 4.7%
CWLO04 w 062017 Water” 1.32E+09 3.47E+08 1.18E+08 26.3% 8.9% 50.5% 13.0%
CWLO04 w 091216 Water” 6.31E+07 9.33E+06 5.66E+07 14.8% 89.7% 17.3% 23.1%
CWLO04 w 092216 Water” 1.91E+08 2.36E+07 1.56E+07 12.4% 8.2% 25.6% 35.5%
CWLO04 w 092717 Water” 6.78E+07 4.24E+05 4.44E+06 0.6% 6.5% 1.0% 4.2%
CWLO04 w 100416 Water” 2.29E+08 1.14E+08 2.76E+07 49.8% 12.1% 54.3% 13.1%
CWLO04 w 102716 Water” 6.54E+07 2.28E+07 4.06E+07 34.9% 62.1% 31.7% 14.1%
DL _s_011017 SED' 9.80E+06 3.93E+03 1.33E+06 0.0% 13.6% 0.6% 6.0%
DL _s_030717 SED' 2.09E+08 5.80E+04 8.84E+06 0.0% 4.2% 0.6% 1.4%
DL _s_052317 SED' 8.48E+07 1.80E+06 1.14E+07 2.1% 13.4% 3.9% 10.0%
DL _s_060617 SED' 1.45E+05 6.97E+04 9.29E+04 48.1% 64.1% 60.6% 12.4%
DL _s_062017 SED' 1.13E+06 3.00E+05 2.74E+05 26.6% 24.3% 42.1% 16.7%
DL_s_091216 SED' 9.34E+07 3.94E+06 2.73E+07 4.2% 29.2% 9.1% 15.1%
DL _s_092216 SED' 2.79E+06 4.89E+05 1.27E+06 17.5% 45.4% 43.1% 20.4%
DL _s_100416 SED' 9.78E+05 6.33E+05 8.12E+06 64.8% 829.9% 37.8% 22.7%
DL _s_102716 SED' 3.01E+07 2.10E+06 2.11E+08 7.0% 700.5% 23.4% 23.4%
DL_w_011017 Water” 2.84E+07 3.59E+05 1.26E+06 1.3% 4.4% 1.7% 32%
DL_w_030717 Water” 7.64E+05 6.57E+03 1.66E+04 0.9% 2.2% 0.2% 0.4%
DL_w_052317 Water” 3.91E+07 6.75E+05 9.16E+06 L.7% 23.4% 1.8% 4.0%
DL_w_060617 Water” 2.45E+07 1.64E+07 1.57E+06 66.9% 6.4% 71.8% 5.5%
DL_w_062017 Water” 3.87E+08 1.08E+08 4.18E+07 27.9% 10.8% 48.1% 11.9%
DL_w_091216 Water” 2.97E+07 3.84E+05 1.17E+07 1.3% 39.4% 1.6% 5.3%
DL_w_092216 Water” 3.10E+07 7.01E+06 6.90E+06 22.6% 22.3% 25.9% 16.8%
DL_w_092617 Water” 1.57E+07 6.24E+04 8.04E+05 0.4% 5.1% 0.3% 2.8%
DL_w_100416 Water” 1.07E+08 3.62E+07 2.30E+07 33.8% 21.5% 38.3% 10.1%
DL_w_102716 Water” 1.14E+08 3.57TE+07 3.38E+07 31.3% 29.6% 29.2% 14.4%
LD_w_011017 Water” 5.07E+06 1.59E+05 4.61E+04 3.1% 0.9% 2.2% 1.2%
LD_w_030717 Water” 3.32E+05 0.00E+00 0.00E+00 0.0% 0.0% 0.4% 0.2%
LD_w_052417 Water” 6.77E+06 4.87E+04 7.83E+05 0.7% 11.6% 0.8% 2.2%
LD_w_062117 Water” 1.32E+08 1.41E+07 1.30E+07 10.7% 9.8% 15.2% 9.3%
LD_w_091216 Water” 3.18E+07 2.84E+06 5.34E+06 8.9% 16.8% 9.1% 11.6%
LD_w_092216 Water” 9.18E+07 2.95E+06 6.71E+06 3.2% 7.3% 13.6% 7.8%
LD_w_092617 Water” 3.01E+05 0.00E+00 0.00E+00 0.0% 0.0% 0.4% 1.6%
LD_w_100416 Water” 2.80E+07 4.59E+06 3.33E+06 16.4% 11.9% 12.3% 4.5%
LD_w_102716 Water” 2.59E+07 1.91E+06 2.48E+06 7.4% 9.6% 6.7% 4.2%
LK _spr_030717 SPR’ 1.88E+06 0.00E+00 0.00E+00 0.0% 0.0% 0.4% 0.1%
LLOI spr 030817  SPR® 4.69E+07 4.21E+03 8.45E+04 0.0% 0.2% 0.0% 0.1%
LLO2 spr 030817  SPR® 5.66E+06 0.00E+00 9.13E+03 0.0% 0.2% 0.5% 0.3%
LSOl spr 030817  SPR® 1.21E+07 0.00E+00 0.00E+00 0.0% 0.0% 0.3% 0.7%



MLL w_091216
MLL w_092216
MLL _w_100416
MLL w_102716
MLL w_011117
MLL w_030817
MLL w_052417
MLL _w_060617
MLL w_062117
MLL w_092617
MLLO02_s_060617
SHO7_sw_011217
SH16_sw_052417
SH17_sw_052417
SH18 sw_052417
SH19 sw_052417
SH31_sw_072517
SM_spr_030817
soil_38_052417
soil_40_052417
WL spr 030717

Water”
Water”
Water”
Water”
Water”
Water”
Water”
Water”
Water”
Water”
SED'
sw
sw
sw
sw
sw
sw
SPR’
Soil’
Soil’
SPR’

7.09E+07
2.35E+07
1.02E+08
6.32E+07
5.17E+07
5.16E+08
3.07E+07
8.35E+06
3.87E+08
4.60E+07
1.50E+07
3.06E+07
1.26E+07
8.93E+06
3.29E+06
1.00E+07
2.22E+07
1.33E+07
7.57E+08
5.92E+08
4.74E+07

1.10E+07
1.07E+07
9.36E+07
2.16E+07
3.14E+06
2.30E+07
3.37E+05
6.78E+06
1.48E+08
7.64E+05
3.12E+05
1.01E+05
1.01E+04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
4.16E+04
2.06E+05
1.20E+05
4.55E+03

7.71E+06
7.29E+05
5.38E+06
5.75E+06
5.03E+06
1.16E+08
3.91E+06
3.63E+05
1.50E+07
2.46E+06
5.78E+05
1.02E+04
1.47E+04
0.00E+00
0.00E+00
0.00E+00
0.00E+00
8.38E+05
3.11E+05
6.86E+04
1.94E+04

15.5%
45.5%
91.8%
34.2%
6.1%
4.5%
1.1%
81.2%
38.2%
1.7%
2.1%
0.3%
0.1%
0.0%
0.0%
0.0%
0.0%
0.3%
0.0%
0.0%
0.0%

10.9%
3.1%
5.3%
9.1%
9.7%

22.5%

12.7%
4.3%
3.9%
5.3%
3.8%
0.0%
0.1%
0.0%
0.0%
0.0%
0.0%
6.3%
0.0%
0.0%
0.0%

65.0%
53.2%
72.9%
352%
1.6%
2.9%
40.4%
80.1%
65.1%
2.3%
3.6%
0.3%
0.0%
24.6%
0.1%
0.2%
0.2%
0.2%
0.3%
0.0%
0.1%

10.1%
5.8%
3.6%
7.2%
4.5%
7.7%

24.3%
4.1%
5.7%
2.7%
3.6%
0.0%
0.0%

18.9%
0.0%
0.1%
0.0%
0.6%
0.5%
0.0%
0.2%

1. SED for benthic sediment. The 16S rRNA gene copies in this category are normalized to the wet weight (g) of the sample.

2. Water for river water. The 16S rRNA gene copies in this category are normalized to the volume (liter) of the sample.
3. SPR for hot spring. The 16S rRNA gene copies in this category are normalized to the volume (liter) of the sample.

4. SW for short path creek. The 16S rRNA gene copies in this category are normalized to the volume (liter) of the sample.

5. The 16S rRNA gene copies in this category are normalized to the wet weight (g) of the sample.



Supplementary Table S5. Genomic overview of metagenome-assembled genomes (MAGs) recovered from MLL02 and DL.

Classification of MAG  Total length of No. of GC content Completeness  Contatmination No. of predicted No. of 16S

using GTDB-tk MAG (bp) scaffolds (%) (%) (%) genes rRNA gene
Sulfuricurvum 2,427,905 863 41.79 71.1 0 3087 1
Thiobacillus 3,275,533 700 61.67 72.87 0.32 3,793 0

Hydrogenophaga 3,047,584 210 68.77 95.14 0 2,974




Supplementary Table S6. Channel widths for low water periods near sitt CWL04 deduced from the SPOT imagery.

Date River Width (m) River Width (m)
Measurement Point 1 Measurement Point 2

2015/11/8 20.63 29.53

2016/4/6 20.40 38.35
2016/4/26 20.40 38.35

2016/5/9 21.63 41.62
2016/5/15 22.53 31.11
2016/12/9 23.24 37.21
2017/2/18 24.29 21.64
2017/4/18 25.04 19.10
2018/1/16 26.23 56.04
2018/3/27 20.13 26.87
2018/11/5 34.60 38.71
2019/2/28 16.05 28.45

2019/3/2 14.30 26.28
2019/3/27 22.66 31.15

2019/4/7 22.74 36.39
2019/4/25 21.53 30.77
2019/5/13 24 .43 48.37
2019/11/10 23.37 22.33
2019/12/18 22.80 22.42
2020/1/14 22.83 25.92
2020/5/3 21.05 25.68
2020/11/27 27.58 37.21
2021/2/1 21.70 30.63
2021/5/22 22.17 31.76
2021/12/17 21.80 41.41
2022/1/16 21.59 42.78
2022/2/12 21.94 40.54
2022/4/18 27.63 51.27
2022/11/19 22.52 31.58
2022/12/3 21.89 28.54
2023/1/22 20.30 23.81
2023/3/23 24.70 34.07
2023/4/30 20.96 27.87

279+ 8.5




Supplementary Table S7. Flow velocities measured for low water periods near site CWLO04.

Time period  Flow rate (m/s)

2018.01 1.3
2018.04 1.5
2018.05 1.0
2020.01 1.1
2020.03 1.0
2020.05 0.8
2022.01 1.4
2022.11 1.0
2023.06 0.9

1.1£0.2




