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Abstract Intermittent streams that regularly dry up constitute over half of the world's river network. They
exhibit biogeochemical processes distinct from those of continuously flowing perennial rivers. In perennial
rivers, discharge is often perceived as predominantly driving water chemistry, as demonstrated by the
widespread use of concentration—discharge (CQ) relationships. Does discharge similarly drive water chemistry
in intermittent streams? Given its extended periods of no flow, we hypothesized that stream chemistry depends
less on discharge alone but more on the granularity of dry-wet transitions, including their direction (drying or
rewetting), history (antecedent conditions), and intermittency. We tested this hypothesis by analyzing three
decades of streamflow and solute chemistry data from an intermittent stream (N04D) in the Konza Prairie
Biological Station, a Long-Term Ecological Research site in Kansas, USA. Results showed that concentrations
are generally higher at no flow compared to flow conditions and depend on dry-wet transitions. Geogenic
solutes were predominantly chemostatic (relatively constant C without Q dependence), contrasting primarily
dilution patterns (decreasing C with Q) in perennial rivers. Biogenic solutes did not exhibit pronounced
discharge-dependent patterns commonly observed in perennial rivers at decadal scale; at monthly scale,
however, they exhibited a transition from highly variable CQ patterns at low flows to consistent flushing
patterns (increasing C with Q) at flows higher than 2.5-5 mm/day. These observations support our hypothesis of
weaker chemistry dependence on discharge in intermittent streams. We further hypothesize that the emerging
discharge thresholds signal a tipping point at which intermittent streams switch from a dry state governed by
intermittency-driven biogeochemistry to a wet, discharge-driven state resembling perennial rivers. The
hypothesis calls for intensive data collection at dry-wet transitions to develop theories and models for
intermittent streams that have become increasingly prevalent globally.

1. Introduction

Intermittent rivers and ephemeral streams (IRES) are waterways that experience extended periods of no-flow.
Although often assumed to occur mostly in arid climates, they are in fact ubiquitous, constituting over 50% of the
global river network (Datry et al., 2014; Golden et al., 2025; Messager et al., 2021). Stream intermittency has been
spreading in time and space due to climate change and anthropogenic disturbances (Sauquet et al., 2021; Zimmer
et al., 2020; Zipper et al., 2021). Despite their prevalence, most global stream gauges are situated in perennial
rivers and rivers (Krabbenhoft et al., 2022). For example, only about 3% of United States Geological Survey
(USGS) gauge stations for stream flow are situated in IRES (Zimmer et al., 2020). Stream flow at no-to-low flows
is notoriously challenging to measure (Seybold et al., 2023; Zimmer et al., 2020). Stream chemistry data with
fine-grained temporal sampling are even more sparse in intermittent streams, limiting our understanding of their
patterns, dynamics, and drivers, and ability to predict (Guo et al., 2025; Price et al., 2024; Shanafield et al., 2021;
Zhi et al., 2024; Zimmer et al., 2022).

Despite the ubiquity of intermittency, our understanding of stream chemistry dynamics is predominantly derived
from perennial rivers, where stream solute concentrations (C) are often perceived as largely shaped by stream
discharge (Q). As an example, discharge has been used as a predominant driver for solute concentrations and
loads in model prediction tools such as weighted regressions on time, discharge, and season (Hirsch et al., 2010)
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and exploration and graphics for RivEr trends (Hirsch & De Cicco, 2015). This perception is further evidenced by
the extensive use of concentration-discharge (CQ) relationships, often considered to encode the response of
stream chemistry to hydrological variations (Dodds & Whiles, 2004; Godsey et al., 2009, 2019; Herndon
etal., 2015; Kincaid et al., 2024; Speir et al., 2024; Thompson et al., 2011; Westfall et al., 2025). A simple power
law relationship C = aQ®, where a and b are constants fitted to observed data, has been widely used.

In perennial rivers, solutes of different origins have generally shown their own distinct, characteristic CQ patterns
under diverse climate, land use, and lithology condition across the globe. Geogenic solutes (such as calcium,
magnesium, and silica) are derived primarily from weathering of soils and bedrock. They exhibit predominantly
slight dilution or dilution patterns with negative CQ slopes (b < —0.1), meaning concentrations generally decrease
(although to different extent) as discharge increases (Botter et al., 2020; Cartwright, 2020; Godsey et al., 2019;
Kincaid et al., 2024; Lintern et al., 2021). Biogenic solutes including dissolved organic carbon (DOC), nitrogen
and phosphorus species are typically strongly influenced by biogeochemical processes such as soil respiration and
nutrient transformation (Stewart et al., 2022). They often exhibit a wide range of consistent, pronounced CQ
patterns (from dilution to flushing) across gradients of climate and land use conditions, indicating discharge as a
primary driver. DOC and total phosphorous (TP) are often abundant in shallow, organic-rich soils, and tend to be
characterized by flushing patterns with positive CQ slopes regardless of land use (Fazekas et al., 2020; Guo
et al., 2022; Herndon et al., 2015; Moatar et al., 2017; Musolff et al., 2015; Rose et al., 2018; Stewart & Li, 2025;
Thompson et al., 2011; Zarnetske et al., 2018). Nitrate (NO5) often exhibits a wide range of CQ slope values (—0.6
to 0.8) in minimally-impacted US rivers (Fazekas et al., 2020; Kincaid et al., 2024; Speir et al., 2024) but often
shows predominantly flushing patterns in agricultural sites (Winter et al., 2024). These patterns have been
attributed to changes in flow paths and water transit times as streamflow increases, often mobilizing solutes from
distinct source waters at different subsurface depths (Benettin et al., 2020; Guo et al., 2022). These ideas have
been encapsulated in conceptual models including the Riparian Flow-Concentration Integration Model (Seibert
et al., 2009), structured heterogeneity of solute sources (Musolff et al., 2017), and the Shallow and Deep hy-
pothesis (Botter et al., 2020; Rose et al., 2018; Stewart et al., 2022; Zhi & Li, 2020).

Do these patterns in perennial rivers hold in intermittent streams? This has remained an open question, given
relatively limited work in intermittent streams. Intermittent streams exhibit higher variation in flow conditions
with extended periods of no-flow (Godsey & Kirchner, 2014; Xiao et al., 2019). Their hydrological states oscillate
between dry and wet states and therefore carry their own unique characteristics that differ from perennial rivers
(Hammond et al., 2021; Zipper et al., 2022). For example, in a Mediterranean intermittent stream, DOC and NO;
concentrations responded to discharge changes during different storms randomly and variably with dramatically
different CQ patterns, making it challenging, if not impossible, to predict their concentration responses (Butturini
et al., 2008). In these streams, dissolved organic and inorganic nitrogen has been observed to increase by several
times but discharge alone could not predict their concentrations (Bernal et al., 2005). Instead, there are indications
that stream chemistry may hinge more upon the direction of discharge change, that is, whether a system is
transitioning from wet to dry states (drying) or the opposite (rewetting). For example, concentrations of DOC and
NO; often rise following rewetting events in intermittent streams (Granados et al., 2022; Guarch-Ribot & But-
turini, 2016; von Schiller et al., 2015), which could originate from high nutrients and organic carbon content
leaching out of accumulated sediments and organic materials in dry riverbeds (Acuiia et al., 2007; GOmez
et al., 2012; Shumilova et al., 2019). In contrast, geogenic solutes such as Ca, Mg, and Si were characterized by
near-zero (chemostatic) CQ slopes indicating minimal dependence on discharge in intermittent streams in a shale
dominated eastern deciduous forest in the Northeast US (Herndon et al., 2015) and in shale-karst dominated tall
grass prairie in the midwestern US (Sullivan et al., 2019), contrasting the predominantly slight dilution or dilution
patterns of these same solutes in perennial rivers (Herndon et al., 2015; Kincaid et al., 2024). By and large, there is
not yet consensus about general stream chemistry patterns and their drivers in intermittent streams.

Here we ask the question: Does discharge similarly regulate water chemistry in intermittent streams? We hy-
pothesized that discharge (flow magnitude) exerts weaker controls on water chemistry in intermittent streams than
in perennial rivers. In particular, we hypothesized that (a) stream chemistry varies with flow regimes but cannot be
inferred from discharge alone based on CQ relationships; (b) stream chemistry depends additionally on the
granularities of dry-wet transition, including, for example, its direction (drying or rewetting), history (antecedent
conditions), and the degree of intermittency, as hydrologic controls diminish and biogeochemistry become more
influential under no-to-low flow conditions.
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Figure 1. (a) N0O4D catchment and the weather station in the Konza Prairie, Kansas, USA. Outlet and Upstream are the
sampling locations in the intermittent stream draining NO4D. Stream discharge and chemistry data were measured at Outlet
while the long-term concentration data for geogenic solutes alone were measured at Upstream. (b) Time series of a few
representative geogenic (gray shades) and biogenic (red shades) solutes and discharge (black line).

To test this hypothesis, we used three decades of discharge and chemistry data for fourteen geogenic and six
biogenic solutes from a third-order, intermittent stream that drains the catchment N04D (hereafter NO4D),within
the Konza Prairie Biological Station (hereafter Konza Prairie), a Long-Term Ecological Research (LTER) site in
northeastern Kansas, USA (Briggs et al., 2005). We grouped the solutes into geogenic and biogenic because they
have typically shown distinct, contrasting patterns in perennial rivers. We analyzed the discharge and chemistry
of N04D (1985-2022) to examine stream chemistry dynamics at decadal, annual, and monthly scales.

2. Methods
2.1. N04D in Konza Prairie

Konza Prairie (39°05’'N, 96°35'W) has been established as an LTER site since 1972 (Veach et al., 2014). It is
located in the Flint Hills region of Kansas (Figure 1), experiences midwestern continental climate, with cold and
dry winters and about 75% of precipitation occurring between April to October (Hayden, 1998; Keen et al., 2024).
The mean annual precipitation and temperature are 811 mm and 11.7°C (1983-2020), respectively. Vegetation
includes dominant warm season grasses, a wide variety of subdominant forbs and cool-season grasses, and
expanding woody trees and shrubs in riparian corridors (Briggs et al., 2005; Collins & Calabrese, 2012; Veach
etal., 2014). Konza Prairie is situated on a highly complex mero-karst bedrock with repeating layers of limestone
and mudstone (Barry, 2018; Macpherson, 1996; Sullivan et al., 2020). The soil is silty clay loam with traces of
calcite. It is thin and rocky in uplands but can be as thick as 1-2 m near streams (Ransom et al., 1998). Woody
shrubs have encroached the grassland for decades, changing subsurface structure (Jarecke et al., 2025) and
groundwater chemistry (Anhold et al., 2025).

We used data from a third order intermittent stream draining NO4D (Figure 1a, drainage area 1.2 km?). NO4D is
grazed by bison and burned every 4 years. In Konza Prairie, NO4D has the most extensive data on geogenic solute
concentrations. The stream has recorded no flow days in all months and high inter-annual variability in discharge
(Costigan et al., 2015). Stream discharge has been decreasing due to woody encroachment, despite increasing
precipitation (Dodds et al., 2012; Keen et al., 2023; Sadayappan et al., 2023).
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2.2. Data

The meteorological (1982-2022) and stream discharge (1985-2022) data were downloaded from the Konza
Prairie LTER data archive (http://Iter.konza.ksu.edu). Daily meteorological data, including daily precipitation and
air temperature (mean, maximum and minimum), was measured at the nearby weather station (Figure la)
(Nippert, 2025). Stream discharge at NO4D was measured using triangular throated flumes (Dodds, 2025), daily
since 1985 and every 5-min since 1993. These flumes allow true measurement of zero flow. The flow gauges are
manually checked and calibrated three times per week when the stream flows. Discharge data during 2008-2011
was not used due to gauge malfunctioning (Figure 1b).

It is important to recognize that measurements of stream discharge and chemistry are painstakingly challenging in
intermittent streams. NO4D is, to our knowledge, one of the intermittent streams with the most extensive long-
term data, presenting a good opportunity to examine dynamics in intermittent streams. Still, stream chemistry
data is sparse, and data availability varies for different solutes (Table S1 in Supporting Information S1). Biogenic
and geogenic solutes have daily measurements for 6%—17% and 1%-2.5% of days over 1985-2022 respectively.
Stream chemistry data for biogenic solutes (Dodds, 2023a, 2023b) and geogenic solutes (Kirk & Mac-
pherson, 2024) were also obtained from the Konza Prairie LTER data archives. Sampling and measurement
procedures are detailed in the manual of Konza Prairie LTER (LTER, 2023). Most water chemistry measurements
at the stream outlet were collected during spring-summer when the stream generally flows. Biogenic solute
concentrations were measured three times a week but majority of the measurements occurred during base flow
(62%) and the rest 37% during no-flow or pooling conditions (Riiegg et al., 2015). Concentrations of geogenic
solutes were measured at monthly frequency at “upstream” (Figure 1a) location. This data was supplemented with
measurements from a stream chemistry campaign in 2015-2016 (Sullivan et al., 2019).

We assessed 20 solutes, including 14 geogenic solutes — sodium (Na), magnesium (Mg), strontium (Sr), chloride
(C1), sulfate (SO,), alkalinity (Alk), specific conductance (SC), calcium (Ca), silica (Si), potassium (K), fluoride
(F), barium (Ba), boron (B), and lithium (Li); and six biogenic solutes — DOC, TP, soluble reactive phosphorous
(SRP), total nitrogen (TN), nitrate (NO3), and ammonium (NH,). All nitrogen and phosphorous species were
reported as N and P, respectively; total alkalinity, determined by titration, was reported as bicarbonate (HCO;™);
dissolved silica was reported as Si. At times when stream gauge recorded zero discharge, there was no water
flowing over the notch of the weir; however, samples for concentration measurement were taken from pools
behind the weir. Still, larger proportion of measurements were taken under flowing conditions. We applied log
transformation first to make the skewed distribution of concentrations normal (Curran-Everett, 2018) and then
flagged and removed outliers as values falling outside three times the standard deviation from the median, because
medians are considered as more robust than means to outlier presence (Maronna et al., 2019; Yang et al., 2019).
Although select biogenic solutes have been measured since 1983, CQ analysis was done from 1985 to 2022
because discharge monitoring started in 1985. Data availability and temporal coverage for the 20 solutes are
summarized in Table S1 in Supporting Information S1 (Dodds, 2023a, 2023b, 2025; Kirk & Macpherson, 2024;
Nippert, 2025; Sullivan et al., 2019).

2.3. Stream Intermittency, Droughts, and Antecedent Conditions

To understand the hydrology characteristics of NO4D and the relationships between stream chemistry and
intermittency, we calculated intermittency metrics including annual number of no-flow events, mean no-flow
event duration, annual number of no-flow days, number of days with precipitation and total precipitation dur-
ing no-flow days. No-flow days were defined as days when discharge equaled to or was less than 0.07 mm/day or
0.001 m?/s, the detection limit of the stream gauge. No-flow events were defined to start whenever discharge
decreased to or below 0.001 m*/s and end when flow exceeded this threshold. This definition and flow limit was
adopted from a large scale study examining intermittent river characteristics across four countries (Sauquet
et al., 2021). We used 30 years with at least 300 daily discharge measurements for calculating annual discharge
and stream intermittency metrics. The number of missing days ranged from 0 to 47 days with a median of 1 day
for these 30 years and were filled using linear interpolation. The no-flow events were assigned to the year of their
onset day. We also calculated mean annual discharge, mean annual daily temperatures (average, maximum and
minimum), mean annual precipitation, and number of days with measurable precipitation each year.

In addition, we quantified meteorological droughts using the Standardized Precipitation Index (SPI) over 1985—
2022 (McKee et al., 1993), a widely used meteorological drought index calculated using monthly precipitation at
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different time scales. Positive SPI values indicate wet conditions, that is, precipitation higher than median pre-
cipitation and negative values indicate dry conditions. The Weibull distribution was used to fit precipitation
distribution based on previous work (Sadayappan et al., 2023). SPI at 1, 3 and 12 months scales were calculated
using the “SCI” package in R (Gudmundsson & Stagge, 2025). Annual SPI were calculated as the average of
monthly SPI in each year.

2.4. Stream Chemistry (Mean Concentration and Concentration Discharge Relationships)

To understand stream chemistry, we calculated mean concentrations and their variance under flow (Q > 0.07
mm/day) and no flow (Q < 0.07 mm/day) conditions and compared them using Welch's #-test (two-sided)
(Welch, 1947) and Bartlett's test (Bartlett, 1937), respectively, using the “stats” R package (Team, 2023). We also
calculated mean concentrations at monthly and annual scale to examine their dependence on streamflow,
intermittency, and antecedent conditions. At annual scale, mean concentrations were calculated using all data
available for a year. At monthly scale, mean concentrations were calculated for all moving windows with at least
10 measurements.

We used instantaneous concentration (raw data, not averaged) and discharge (nearest to chemistry sampling time
whenever possible) data to characterize the power law CQ relationship C = aQ” using commonly-used CQ
intercept a and slope b in log-log scale, where a and b were fitted parameters. A positive CQ slope (b > 0.1)
denotes flushing behavior-higher solute concentration during high flows; a negative slope indicates dilution
behavior (b < —0.1)-lower solute concentration during high flows; and a near zero CQ slope (—0.1 < b < 0.1)
indicates negligible variation in concentration with discharge.

The ratio of coefficient of variation of concentration to that of discharge (CV/CV,) was calculated as

g—“jg = ;E’; Z, where u and o represent mean and standard deviation of corresponding variable (Godsey et al., 2009;

Musolff et al., 2015; Thompson et al., 2011). This ratio quantifies the relative magnitude of variation in stream

chemistry compared to variation in discharge. If a solute has near zero slope and low CV/CV,, (<0.5), it was
considered as chemostatic with near constant concentrations across flow regimes (Thompson et al., 2011).
Irrespective of CQ slope, if CV/CV,, > 0.5, solutes were considered as chemodynamic because concentrations
varied substantially. Only non-zero concentrations and corresponding non-zero discharges were used in these
calculations (Table S1 in Supporting Information S1). Nearest discharge measurement (within 5 min) was used
for each concentration measurement when times of water sampling and sub-daily discharge measurements were
available. When either of them was unavailable, daily mean discharge was used.

The same solute might show different CQ patterns depending on sampling frequency (Neal et al., 2012).
Considering that geogenic and biogenic solutes had different sampling frequencies, we tested whether biogenic
solutes would have shown chemostatic behavior if they had been sampled at monthly frequency in contrast to
thrice a week (Text S1 in Supporting Information S1). Biogenic solutes showed chemodynamic behavior with
high CV/CV, ratios, unlike geogenic solutes, even under monthly sampling frequency (Figure S1 in Supporting
Information S1).

2.5. Concentration-Discharge Relationships at Decadal, Annual, and Monthly Scales

Decadal-scale analysis used raw concentration and discharge data across the three decades (Figure 2a); annual
scale analysis used data from each year (Figure 2b) in years with a minimum of 10 paired CQ measurements. The
number of data points in decadal analysis ranged from 606 to 1543 among biogenic solutes and 68 to 238 among
geogenic solutes (Table S2 in Supporting Information S1).

Annual CQ slopes were calculated for years with at least 10 concentration-discharge pairs (Text S2 and Figure S2
in Supporting Information S1). At the monthly scale, we computed CQ metrics using a moving window of 31 days
across the entire data set (Figure 2¢) for biogenic solutes with 2—3 measurements per week. Such an analysis was
not possible for geogenic solutes due to their monthly sampling frequency. Specifically, we calculated CQ metrics
within 31-day windows, starting with the first window that contained at least 10 pairs of non-zero C and Q data.
The window was then shifted forward one day, and the CQ metrics were recalculated. This process continued until
the final recorded data point. Such analysis has been used on high frequency measurements for CQ analysis at
short time scales (Fazekas et al., 2020; Zimmer et al., 2019). We chose 10 measurements as minimum criteria,
because windows with 15 measurements constituted less than 1% of windows with data over 10 measurements.
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Figure 2. Time series and concentration-discharge (CQ) analysis at decadal, annual, monthly scales for a representative

solute, nitrate (NO;). (a) Time series of area-normalized discharge (Q, mm/day) and NO; concentrations (Cyg3, pg/l) over
1985-2022 and CQ plot at decadal scale, (b) Time series of Q and Cy3 with annual CQ plots for years 2014, 2015 and 2016,
(c) Time series of Q and Cy; with three example monthly CQ plots obtained using a moving window analysis. The 31-day
moving window was shifted 1 day at a time. CQ slopes were calculated for windows with a minimum of 10 concurrent CQ
pairs. Significant slopes (p < 0.05) and insignificant slopes (p > 0.05) are shown as solid and dashed lines, respectively. Plots
without a regression line and p values have less than 10 concurrent measurements. The same analysis was done for all solutes.

Even setting the criteria of minimum 13 measurements per window would have resulted in dropping 48%—65% of
windows. Most windows occur during spring and summer seasons, followed by winter and fall. Event scale
analysis was not possible without hourly or sub-hourly stream chemistry measurements.

2.6. Concentration-Discharge Patterns in Nearby Perennial Streams

To test the general hypothesis that discharge has a weaker control over intermittent stream chemistry compared to
perennial rivers, we compared the decadal-scale CQ characteristics in NO4D with those in a few perennial rivers
with the most abundant discharge measurements near the Konza Prairie from the Geospatial Attributes of Gages
for Evaluating Streamflow (GAGES II) database (Falcone, 2011). Out of 33 USGS stations within the radius of
100 km from NO4D, 12 stations have non-zero daily discharge (USGS parameter 00060), and 7 of them
(06866500, 06870200, 06876900, 06877600, 06884400, 06887000, 07182250) have stream chemistry data for 13
solutes—nitrate, total phosphorus, alkalinity, SC, calcium, magnesium, sodium, potassium, silica, boron, chloride,
fluoride and sulfate. These data was downloaded from the USGS Water Data for Nation portal (USGS, 2024)
using the “dataRetrieval” package (Hirsch & De Cicco, 2015). Paired concentration and discharge data were used
to derive decadal scale CQ metrics (slope b and CV/CV,y) in the same way as was done for NO4D.
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Figure 3. (a) Time series of discharge (black dots), and precipitation (blue bars). Light red ribbons represent the no-flow
events when discharge was equal to or less than 0.07 mm/day. (b) Flow duration curve for the intermittent stream. Stream
flowed only for ~45% of the time period. (c) Distribution of annual precipitation, discharge, no-flow days, no-flow events,
and mean duration of no-flow events (1985-2022). (d) Distribution of monthly discharge; (e) Distribution of no-flow days in
different months.

2.7. Statistical Analysis for Hypothesis Testing

To test hypotheses, we identified concentration measurements taken when discharge was lower or equal to
0.07 mm/day and compared its distribution against other concentrations measured when discharge exceeded
0.07 mm/day for different solutes. The mean concentrations and their variance during flow (Q > 0.07 mm/day)
versus no-flow (Q < 0.07 mm/day) days were compared using Welch's t-test (two-sided), which is robust to
unequal variances, to determine whether the mean concentrations differed significantly between the two con-
ditions (Welch, 1947). We also used Bartlett's test to examine whether the variances (spread of concentrations
around the mean) differed between these conditions (Bartlett, 1937).

We also calculated mean concentrations in different flow conditions and at monthly and annual scale to examine
their dependence on streamflow and stream intermittency measures. At annual scale, we calculated mean con-
centrations using all measurements available for each year. At monthly scale, the mean concentrations over
moving windows with at least 10 measurements were calculated and their distribution across different flow re-
gimes (in terms of their monthly mean discharge) were compared.

In addition, CQ slopes were used to estimate the log-linear relationship between concentrations and discharge.
Their significance was assessed based on p-value (Chambers & Hastie, 1992; Team, 2023). The relationship
between different stream discharge, climate and intermittency metrics and mean concentrations and CQ slopes
were evaluated using Pearson and Spearman correlations (Pearson, 1896; Spearman, 1904). Pearson correlation
captures linear relationships, whereas Spearman is rank-based and can detect non-linear but monotonic re-
lationships. The magnitude of correlation coefficient determines the strength of relationship while the sign de-
termines whether the relationship is positive or negative. The significance of relationships was assessed using
p-values. All statistical tests were conducted using “stats” R package (Team, 2023).
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Figure 4. Distribution of concentrations under flow (lighter shade) versus no-flow (darker shade) conditions for geogenic
solutes (mg/1) and biogenic solutes (pg/1). Specific conductance is in pS/cm. Each box spans first quartile (25th percentile) to
third quartile (75th percentile) with middle line representing median. Whiskers extend to furthest values that lie within 1.5
times the interquartile range (third quartile—first quartile) from box with small dots representing measurements that fall
outside this range.

3. Results
3.1. Hydrological Characteristics and Stream Intermittency

The stream is highly intermittent, with an annual mean of 199 (£87.5) no-flow days per year, defined as
0 <0.07 mm day™", a median of 208.5 no-flow days (Figure 3). No-flow days occurred often in long stretches,
irrespective of time of year, and were interspersed with precipitation events that failed to produce streamflow
(Figure S3 in Supporting Information S1). The flow-duration curve showed that flow occurred only ~45% of
days. Q, and Qs values were 0 mm day ™', whereas Qo and Qqgs were 1.57 and 2.45 mm/day, respectively. Here
“Q,,” are the flow percentiles of daily flows. The stream experienced an average of 3.5 + 2.16 no-flow events per
year (median = 3 events yr~ '), defined as continuous periods of flow below or equal to 0.07 mm/day. There was a
total of 106 no-flow events in these 30 years, with duration varying from 1 to 421 days with a mean of 55 (£87)
and a median of 15 days. These events can start any time of year but mostly started in June-August, especially the
longer events.

Monthly flow distribution indicated that April to August experienced the highest discharge and the lowest
no-flow days (Figure 3d). The mean timing of no-flow onset occurred around Julian day 313 (November 9), with a
dispersion value of 0.27, indicating that intermittency is only weakly seasonal. A dispersion value of 1 signifies
strong seasonality, while values near 0 indicate a uniform distribution. Although flow can occur in any month, it
was generally concentrated between March and July. All months except March—July had a median of more than
28 no-flow days, while the median number of no-flow days in March was 10, in April-June was 0, and in July was
13.5. This seasonal pattern closely mirrored the distribution of monthly precipitation.

3.2. Stream Solute Concentrations

Solute concentrations under flow versus no-flow conditions. Solute concentrations under flow and no-flow
conditions differed substantially (Figure 4). For all 20 solutes, mean concentrations were consistently higher
under no-flow compared to flow conditions (Figure 4), although the difference was not always significant (Table
S3 in Supporting Information S1). The percentage difference in mean concentrations varied from near zero to
more than 100% and positively correlated with CV/CV,,, with higher differences for biogenic solutes with higher
CV/CV,, (Figure S4 in Supporting Information S1). The concentration variation, quantified as standard devia-
tion, was higher during no-flow times for all solutes except barium, fluoride and TN (Table S4 in Supporting
Information S1). Barium and fluoride showed negligible differences; TN showed a ~31% decrease during no
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Figure 5. Stream chemistry under different flow regimes. (a) Time series of daily total nitrogen (TN)/total phosphorous (TP) and discharge (Q) over 1990-2022. TN
measurements were unavailable from 2001 to 2019 and are not shown; Distribution of (b) TN/TP (c) NO; (d) NH, (e) TN (f) dissolved organic carbon (g) soluble
reactive phosphorous (h) TP during 31-day windows across different ranges of monthly mean discharge. Windows were grouped into equal sizes based on quantiles of
their mean discharge. The subscripts of Q refer to the percentiles. Qy: 0; O, 0.36; Q40 0.78; Qg 1.54;5 Qg 2.78; Q): 940 mm/day for TN/TP.

flow. The coefficients of variation (standard deviation divided by mean concentration), a measure of relative
variation, can be lower, higher, or similar under no-flow conditions, depending on solutes. Notably, biogenic
solutes show much higher variation compared to those of geogenic solutes under both flow and no-flow
conditions.

Solute concentrations under different flow regimes. The total N over total P (TN:TP) ratio is a critical biogeo-
chemical indicator of nutrient availability and aquatic ecosystem functioning (Dodds & Oakes, 2004). This ratio
generally increased substantially at discharge peaks (Figure 5). Analysis of 1,062 monthly moving windows with
at least 10 concurrent TN and TP measurements showed that molar concentration ratios of TN to TP varied by
almost three orders of magnitude ranging from 1.57 to 1172 with a median of 54. The median and standard
deviation of TN/TP ratios were lowest at 52 and 23 respectively when mean monthly discharge was lower than
0.36 mm/day, and increased to hundreds at high flow. These values were much higher than the Redfield ratio of
16 in marine phytoplankton and oceanic nutrient cycles but were within the range of TN/TP ratios observed in US
streams and rivers (Manning et al., 2020).

For other solutes (Figures 5c—5h), median concentrations were highest typically at lowest flow (Qy—Q,() (With
the exception of DOC). The median concentrations dropped at Q,y—Q,, and increased with flow for NO5;, NH,,
TN, DOC, and SRP, but had an opposite pattern for TP. Overall, results here indicated weak dependence of solute
concentrations on mean discharge with inconsistent patterns.

Dependence of solute concentration on intermittency and antecedent conditions. We examined the annual mean
concentrations and monthly mean concentrations with an array of intermittency measures (Tables S5 and S6 in
Supporting Information S1). There were few strong correlations between annual mean concentrations and annual
intermittency measures (Figure 6). Mean annual concentrations of NO; and NH, showed opposite dynamics, with
highest NO; and lowest NH, during years with most no-flow days. NH, also showed positive correlation with
precipitation during the corresponding and previous year, consistent with its negative correlation with number of
no-flow days. TN correlated negatively with maximum air temperature, indicating dependence on factors other
than flow. It also correlated positively with the number of no-flow events in previous year, indicating the in-
fluence of antecedent conditions. TP concentrations correlated most strongly with precipitation in corresponding
and previous year, with higher concentrations during wet years. SRP and DOC did not show any strong corre-
lations. In addition to these intermittency measures, mean annual concentrations of NH, also correlated strongly
and positively with annual 1-month, 3-month, and 12-month SPI values, indicating higher concentration under
wetter conditions, consistent with its negative correlation with annual numbers of no-flow days. Mean annual
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Figure 6. Strongest correlations between annual mean solute concentrations and annual flow intermittency measures: (a) number of no-flow days for NO; (b) number of
no-flow days for NH, (c) annual precipitation for NH, (d) annual average of maximum temperature for total nitrogen (TN) (¢) number of no-flow events in previous year
for TN and (f) annual precipitation for total phosphorous. Gray dots are annual numbers; black lines are linear regression curves.

concentrations of NO; and NH, correlated positively and negatively, respectively, with air temperature of the
sampling days, indicating higher and lower concentrations under warmer conditions, respectively.

Monthly mean concentrations have much weaker correlation with metrics such as precipitation, discharge and
number of no-flow days in preceding days (Table S6 in Supporting Information S1). Among those, they have the
strongest correlation with mean and peak discharge in windows and the preceding 5-60 days, indicating the
importance of antecedent conditions (Table S6 and Figure S5 in Supporting Information S1).

3.3. Concentration Response to Discharge Variation (CQ Patterns) at the Annual to Decadal Scale

At the decadal scale, different solutes showed distinct patterns (Figures 7a—7d). Geogenic solutes generally
showed a chemostatic pattern with close-to-zero CQ slope values (—0.1 < b < 0) and low CV/CV,, (<0.20). The
only exception was SO,, which exhibited a dilution pattern with a significant slope of —0.22; Li and K had slightly
higher CV/CV,, (>0.20, Table S2 in Supporting Information S1) compared to other geogenic solutes. Eight out
of 14 geogenic solutes had significant CQ slope (Figures 7e and 7f). In contrast, biogenic solutes were more
chemodynamic with much larger variation (Figure 7). Two of the six biogenic solutes (TN and NH,) had sig-
nificant CQ slopes but low coefficients of determination (R?), suggesting that discharge did not predominantly
drive concentration variations.

At the annual scale, geogenic solutes in NO4D similarly had lower variations in concentrations and narrow ranges
of close-to-zero CQ slope and CV/CV, values (Figures 7g and 7h). Biogenic solute concentrations were much
more variable with higher CV/CV,,. Their CQ slopes varied substantially from flushing to dilution to chemostatic
across years (Table S7 and Figure S6 in Supporting Information S1). Among biogenic solutes, NO; and NH,
exhibited the highest variation in annual CQ slopes.

Solute CQ patterns in nearby perennial rivers differed substantially from those in the NO4D (Figures 7i and 7j).
For the two biogenic solutes documented, NO5 showed predominantly flushing patterns (Table S8 in Supporting
Information S1) and TP showed mostly chemostatic patterns, whereas they both showed near-zero CQ slopes
(Table S2 in Supporting Information S1) in N04D. They also showed much lower CV/CV,, than those in NO4D
(Table S8 in Supporting Information S1, Figure 7j). Geogenic solutes exhibited predominantly dilution patterns
with negative slopes (<—0.1) and higher CV/CV,, with a few exceptions (silica, fluoride and potassium) in
perennial rivers. In summary, geogenic solutes showed more dilution and biogenic solutes exhibited much lower
concentration variations, representing typical behavior in perennial rivers and contrasting those in the intermittent
NO04D.

3.4. Emerging “Hidden” Patterns at Monthly Scale Indicates Threshold Behavior

Across moving windows, CQ slope of biogenic solutes transitioned from highly variable pattens at low flow to
consistent flushing pattern at high flow (Figure 8; Table S9 in Supporting Information S1). About 12%-33% of the
slopes in monthly moving windows were significant, with more significant relationships for NO; and DOC than
other solutes. Under low flow, all three patterns (flushing, dilution, and chemostatic) occurred. As mean
discharge increased, CQ slopes consistently converged to a narrow range of positive values, transitioning at about
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Figure 7. Concentration-discharge (CQ) patterns using data from all three decades for (a and b) geogenic solutes (ppm or mg/l, and pS/cm for specific conductance);
(c and d) biogenic solutes (pg/1). Lines are shown only for significant CQ slope (p < 0.05). Decadal CQ slope versus ratio of coefficient of variation of concentration to
that of discharge (CV/CV,,) for (e) all solutes and (f) chemostatic geogenic solutes. Error bars represent one standard error of CQ slope. Solid gray diagonal lines bound
discharge variability. (g) Annual CQ slope and (h) annual CV/CV, in boxplots along with decadal CQ metrics (dots). (i) Decadal CQ slope and (j) decadal CV/CV,, for
nearby perennial rivers (blue boxplots) and for NO4D (gray and red dots). Each box spans first quartile (25th percentile) to third quartile (75th percentile) with middle
line representing median. Whiskers extend to furthest values that lie within 1.5 times the interquartile range (third quartile—first quartile) from box. In the intermittent
NO04D, biogenic solutes have much more scatter than geogenic solutes. In contrast, in perennial rivers (blue), the only two biogenic solutes with data (NO5 and total
phosphorous) showed slight flushing but with much lower variability; geogenic solutes showed primarily dilution pattern (CQ slope < —0.1) and low CV/CV,, similar
to observations in perennial rivers.
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Figure 8. Monthly CQ slopes versus mean discharge (mm/day) in 31-day moving windows for (a) NO; (759 windows),
(b) NH, (146 windows), (c) total nitrogen (275 windows) (d) dissolved organic carbon (857 windows), (e) soluble reactive
phosphorous (432 windows), and (f) total phosphorous (233 windows). Only significant CQ slopes (p < 0.05) are shown.
Gray dashed lines represent CQ slopes of 1,0, and —1. CQ slope vary across positive and negative values at low flow and
converge to a consistent, pronounced flushing pattern at high flow beyond 2.5-5.0 mm/day.

2.5-5.0 mm/day. The absolute values of CQ slopes can reach as high as four for nitrogen species, much larger
than the typical CQ slope values observed in perennial rivers that are typically within one (e.g., Kincaid
et al., 2024).

Examining time series of stream concentrations shed light on specific conditions under which they show dilution
or flushing patterns. For example, NO; exhibited both dilution and flushing in 1995 (Figure 9). After a rainstorm
in March, NO; concentration peaked despite relatively incremental increase in discharge (Figure 9c), resulting in
a high CQ slope of 1.6 (Figure 9f). Till May, concentration remained low (Figure 9a), although minor variations
during these low flow times resulted in statistically insignificant dilution pattern (Figure 9b). A series of rainfall
events occurred in May when the catchment rewetted. During these high flow events, NO; concentration
increased with discharge (Figures 9d and 9g). The increase in NO5 concentration over successive events became
lower, potentially reflecting a transition from transport limitation to source limitation (Figure 9). Later in June-
July, streamflow dropped and only increased slightly following precipitation events. NO5 showed flushing during
these small events.

Interestingly, NO5 concentrations also increased as streamflow decreased during drying periods that followed
these events, exhibiting dilution patterns (Figures 9e and 9h). Some of the highest spikes in NO; concentrations
(e.g., in March 1995) occurred during low flows resulting in high positive CQ slopes at low flows. While such
spikes can occur in any year, they were more dramatic during storm events that followed warmer winters like
those in 1995. Although NO; dilution patterns are commonly reported in urban rivers influenced by wastewater
inputs (Zhi & Li, 2020), such patterns are not common in non-urban sites. This may reflect how NO; concen-
trations respond during drying events in intermittent streams, when evaporation becomes an important process
shaping stream chemistry. The large absolute CQ slope values may likewise be characteristic of intermittent
systems, where chemistry shifts abruptly with rapid changes in streamflow. These strong variations in both the
magnitude and direction of CQ slope values during drying and rewetting events likely explain their wide vari-
ability observed during the low-flow windows (Figure 8).

3.5. CQ Slope Dependence on Intermittency and Antecedent Conditions

Among the wide range of intermittency metrics, several showed significant correlations with annual CQ slopes
(Table S10 and Figure S7 in Supporting Information S1). For example, CQ slopes of TN were negatively
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Figure 9. Illustration of a few commonly observed CQ patterns at monthly scale, using nitrate as an example. (a) Time series of precipitation (P, mm/day), discharge
(Q, mm/day) and nitrate concentration (Cyq3, pg/l) with three select 31-day windows shown in gray ribbons; (b) CQ slope during moving windows over March to July
1995; Time series of P, Q and Cyq; from select moving windows (c), (d), and (e); and their corresponding CQ plots in (f), (g), and (h), respectively.

correlated with the annual mean duration and total precipitation of no-flow events, indicating stronger dilution
patterns in years with longer and wetter no-flow periods. In contrast, CQ slopes of SRP and TP were positively
correlated with mean discharge and total precipitation on sampling days, suggesting more frequent flushing under
wetter conditions. The TP CQ slope also correlated negatively with the annual number of no-flow days, consistent
with increased flushing in years with fewer no-flow days. DOC exhibited a significant negative correlation with
the 12-month SPI, an indicator of long-term drought, implying steeper flushing patterns during more severe
meteorological droughts.

Annual CQ slopes were also linked to antecedent conditions. For instance, NH, CQ slopes correlated positively
with the number of no-flow days in preceding years, whereas TN showed stronger flushing patterns in wetter
years with fewer no-flow days (Figure S7 and Table S10 in Supporting Information S1). DOC CQ slopes were
negatively correlated with precipitation in the previous year, indicating a tendency toward flushing when the prior
year was dry. SRP CQ slopes correlated positively with the number of no-flow days in previous years but
negatively with the number of no-flow events in the previous year. TP CQ slopes also correlated positively with
prior-year no-flow days, suggesting more flushing in years following dry periods.

In contrast to the annual patterns, monthly CQ slopes showed much weaker relationships with antecedent con-
ditions in the preceding 5-60 days (Table S11 in Supporting Information S1). CQ slopes of NO5, TN, and TP
exhibited slight negative correlations with discharge in preceding days, consistent with greater likelihood of
flushing when low-discharge conditions precede the sampling window. Conversely, CQ slopes of SRP, DOC, and
NH, correlated significantly and positively with prior-day discharge. DOC also showed an unexpected negative
correlation with the number of no-flow days in the preceding 31-60 days, contrary to the expectation that more
no-flow days would increase the likelihood of flushing.

4. Discussion
4.1. Weakening Influence of Discharge on Chemistry in Intermittent Streams

Intermittent streams experience wet (flowing) and dry (no-flow) states and the transition in between, imposing
unique conditions that shape water chemistry dynamics. We hypothesized that discharge (flow magnitude) exerts
weaker controls on stream chemistry in intermittent streams than in perennial rivers where continuous discharge
maintains a tighter coupling. In particular, we hypothesized that (a) stream chemistry varies with flow regimes but
cannot be inferred from discharge alone based on CQ relationships; (b) stream chemistry depends additionally on
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the granularities of dry-wet transition, including, for example, its direction (drying or rewetting), history (ante-
cedent conditions), and the degree of intermittency, as hydrologic controls diminish and biogeochemistry become
more influential under no-to-low flow conditions.

These hypotheses are supported by multiple lines of evidence. Mean solute concentrations were often higher
under no flow compared to flow conditions (Figure 4), and did not change systematically with increasing flow
(Figure 5). Geogenic solutes showed primarily chemostatic patterns whereas biogenic solutes were more che-
modynamic without pronounced patterns at decadal scale, indicating water chemistry cannot be predicted from
streamflow, contrasting consistent and pronounced CQ patterns in perennial rivers (Figure 7). For biogenic
solutes, monthly CQ slopes varied substantially at low flow but converged to consistent flushing patterns at high
flow beyond threshold values of 2.5-5 mm/day (Figure 8). Detailed event scale examination further indicated that
CQ patterns depend on the direction of dry-wet transitions (Figure 9). In addition, both mean solute concen-
trations and CQ slopes depended on the extent of intermittency and antecedent conditions, even though the
dependence was solute specific (Figure 6; Figure S7, Tables S10 and S11 in Supporting Information S1). These
more nuanced dependence on the direction, history, and intermittency of flow suggests growing biogeochemistry
and diminishing streamflow influence as streams cease to flow (Figures 4 and 8).

4.2. Solute-Specific Dependence on Intermittency and Antecedent Conditions

Both mean solute concentrations and CQ slopes at the annual scale revealed a few clear solute-specific re-
lationships with intermittency and antecedent conditions (Figure 6; Figure S7, Tables S5 and S10 in Supporting
Information S1). This suggests that mechanisms of accumulation, release, and biogeochemical reactions vary
with solutes, depending on specific types of biogeochemical reactions they are involved and their dependence on
external conditions. These patterns echo observations of solute mobilization during rewetting after extended dry
phases in intermittent streams (Shumilova et al., 2019; Skoulikidis & Amaxidis, 2009), and findings that annual
drying can be a strong predictor of DOC dynamics in other intermittent systems (Granados et al., 2022).

In contrast, monthly mean concentrations and CQ slopes showed weak or inconsistent dependence on inter-
mittency and short-term antecedent conditions, often overshadowed by large event-scale variability (Guarch-
Ribot & Butturini, 2016). This possibly arise from the highly flashy nature of Konza Prairie hydrology, where
discharge peaks and declines within hours, potentially meaning that dry—wet transitions and associated con-
centration pulses often occur on sub-daily timescales that cannot be resolved with monthly sampling windows. As
observed in other intermittent streams such as Fuirosos, where DOC and NO; CQ patterns appear random and
event specific (Butturini et al., 2008), such temporal variation likely dampens coherent monthly CQ signals.

Overall, intermittency-driven biogeochemical signatures are more detectable and interpretable at annual scales
but more obscured at monthly scales. This potentially suggests that the cumulative effects of drying, rewetting,
and solute accumulation and transformation integrate over long periods to shape annual dynamics, whereas
monthly or short-term dynamics are dominated by rapid, event-scale variability characteristic that are more
challenging to capture and generalize.

4.3. Testable Hypotheses for Future Work

The insights from NO4D offer a tantalizing glimpse into how stream chemistry responds to rapid flow transitions
in an intermittent stream. It however only represents one single intermittent stream in a tallgrass prairie. The
question that emerges is whether these dynamics reflect place-specific idiosyncrasies or whether they reveal
general patterns and principles that govern chemistry in intermittent streams across broad climatic, ecological,
and geologic gradients. To begin to understand dynamics of chemistry in intermittent streams broadly, we
propose a set of testable hypotheses based on observations in NO4D that can be tested in intermittent streams
beyond N04D (Figure 10).

Hypothesis 1 Geogenic solutes in intermittent streams often exhibit chemostatic patterns because intermittency
restricts contributing flow paths to one dominant groundwater source with stable chemistry, whereas
perennial rivers often receive chemically diverse sources whose mixing generate more pronounced
dilution patterns.
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Figure 10. A conceptual figure about the distinct characteristics of intermittent and perennial rivers. Intermittent streams
experience dry and wet states, dry-wet transitions, extended periods of no flow and shorter duration of high flow (upper
panel). Their stream chemistry dynamics, represented by concentration and discharge relationships, have unique
characteristics that differ from those in perennial rivers. Geogenic solutes mostly show chemostatic patterns, diverging from
the dilution patterns typical of perennial rivers, possibly driven by one single predominant flow path with constant chemistry
(Hypothesis 1). For biogenic solutes, their concentrations can vary substantially at dry state with no flow, reflecting
predominant biogeochemistry control. Streams fragment into stagnant, disconnected pools that act as self-contained
biogeochemical reactors, where local water temperature and oxygen conditions outweigh hydrology forcing in driving highly
variable, solute-specific concentration responses to changing conditions (Hypothesis 2). As streams start to flow again, they
transition into no-to-low flow conditions and their CQ can exhibit a wide range of patterns from dilution to flushing. At
sufficiently wet conditions where flow exceeds thresholds, streamflow gains predominant influence and variable CQ patterns
converge to consistent patterns typical of perennial rivers. Emerging threshold behavior at dry-wet transition signals a tipping
point at which intermittent streams switch from dry state being governed by intermittency-driven biogeochemistry to wet
state being governed by discharge in ways similar to perennial rivers (Hypothesis 3). The discharge thresholds can vary,
depending on solutes and stream characteristics.

Chemostatic patterns mean that concentrations do not vary much with discharge such that a few measurements are
sufficient to quantify concentrations under flow conditions (Figure 7), which is consistent with conclusions from
an earlier analysis for NO4D (Sullivan et al., 2019) and other intermittent streams in considerably different
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climates (Herndon et al., 2015; Wlostowski et al., 2018). This contrasts with dilution patterns commonly observed
in perennial rivers (Figure 7). For example, in over 500 minimally impacted US rivers that are predominantly
perennial, geogenic solutes exhibited mostly dilution (43%-70%) compared to other patterns (Kincaid
et al., 2024). Such dilution patterns are also pervasive globally in predominantly perennial rivers across diverse
climates, land uses, and lithologies (Botter et al., 2020; Cartwright, 2020; Godsey et al., 2019; Kincaid
et al., 2024; Lintern et al., 2021).

Chemostatic patterns have been postulated to arise from two mechanisms: (a) multiple flow paths with relatively
similar chemistry or (b) a single flow path with relatively constant chemistry (Stewart & Li, 2025). Here we argue
that the latter is more likely in intermittent streams. Although Konza hosts several potential geogenic sources,
including large rock slabs embedded in soil, secondary carbonate minerals forming during dry periods, and dust-
derived geogenic material (Macpherson & Sullivan, 2019; Wood, 2019), streamflow in Konza is predominantly
fed by old groundwater flow or baseflow with temporally stable chemistry in limestone formations (Hatley
etal., 2023; Keen et al., 2023; Sadayappan et al., 2023). This dominance becomes even stronger when the stream
dries (Swenson et al., 2024), likely because water can rarely fill dry soil sufficiently to form water flow in shallow
soil (fill and spill).

Evidence of field data and numerical simulations from another temperate intermittent stream shows that che-
mostatic behavior arises consistently when only one flow path dominates (Herndon et al., 2015; Li et al., 2017).
The prevalence of deeper, single flow paths has been documented during periods of flow decline (Sadayappan
et al., 2023), in dry summer and arid places in many small streams (Kerins et al., 2025). In perennial rivers, the
persistent presence of water and continuous flow supports more diverse flow paths with distinct chemistries,
which more often produce dilution patterns (Kerins et al., 2024; Stewart et al., 2024). Together, this suggests that
dominance of one single flow path with relatively constant chemistry may be a common mechanism underlying
chemostatic patterns for geogenic solutes in intermittent streams.

Hypothesis 2 In the dry state with no flow, streams fragment into stagnant, disconnected pools that behave as
self-contained biogeochemical reactors, where local thermal and redox dynamics outweigh hydrology
forcing and generate highly variable, solute-specific concentration responses to changing conditions.

Under no-flow conditions, mean concentrations of almost all solutes were higher and exhibited more variability
compared to flow conditions (Figure 4). Annual mean solute concentrations of nitrogen species correlated with
annual air temperature in NO4D (Table S5 in Supporting Information S1). TN:TP ratios were lower at no-to-low
flow range (Figure 5), indicating higher nitrogen uptake or decomposition and contrasting the high TN/TP ratios
at high flow that reflect high terrestrial inputs at high land-river connectivity (Green & Finlay, 2010). These
characteristics indicate intensified biogeochemical processes in localized, disconnected, stagnant pools under no
flow conditions.

Both water temperature and redox conditions can shift dramatically as streams transition from flowing to stagnant
to fully dry conditions, substantially influencing reactions such as nitrification and denitrification, and thereby
driving concentration variability (von Schiller et al., 2011; von Schiller et al., 2017). In N0O4D, oxygen con-
centrations in the streambed have been shown to vary substantially, with anoxic conditions along stream benthic
surfaces but primarily oxic conditions in groundwater (Kemp & Dodds, 2001a). Under dry, aerated conditions,
denitrification is inhibited and NO5 can accumulate (von Schiller et al., 2017). In contrast, stagnant pools with
long water—sediment contact times and anaerobic conditions can promote denitrification and reduce nitrate
concentrations (Shuai et al., 2017). Multiple biogeochemical processes therefore often act simultaneously,
sometimes reinforcing, sometimes opposing, leading to highly variable concentrations and solute-specific dy-
namics (Acuiia et al., 2004; Bernal et al., 2006; Granados et al., 2022; Riiegg et al., 2015; Stegen et al., 2025; von
Schiller et al., 2011). Ultimately, water chemistry in these localized, hydrologically disconnected biogeochemical
reactors is governed by the balance among temperature-dependent and oxygen-sensitive reactions rather than by
water content.

Hypothesis 3 Emerging discharge thresholds signals a tipping point at which intermittent streams switch from
intermittency-driven biogeochemical control in the dry state to discharge-dominated control in the wet
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state, resembling perennial rivers. The discharge thresholds can vary, depending on solutes and stream
characteristics.

Biogenic solutes exhibited chemodynamic behavior, with large concentration variation but no consistent patterns
at the decadal scale in NO4D (Figure 7). Yet in the monthly moving window analysis, hidden patterns emerged:
CQ slopes spanned flushing, dilution, and chemostatic patterns at low flow but converged toward consistent
flushing as discharge exceeded threshold values (Figure 8). Further time-series analysis revealed that CQ patterns
depend on the direction of dry-wet transition, or whether the system is shifting from wet to dry (drying) or from
dry to wet (wetting) (Figure 9), and on antecedent conditions and the degree of intermittency (Figure S7 and
Tables S10 and S11 in Supporting Information S1). These contrasting and highly variable responses at no-to-low
flows are unique to intermittent streams, indicating that stream chemistry at no-to-low flow are governed less by
the magnitude of discharge and more by the direction and history of hydrological transition that drive biogeo-
chemical processes (Figure 10).

Interestingly, NO; concentrations exhibited both dilution and flushing patterns, with CQ-slope values much
higher than those typically seen in perennial rivers (Figure 8). The direction of these slopes, whether positive or
negative, varied with drying and wetting events (Figures 9¢ and 9h). These observations echo those in other
intermittent streams, suggesting potentially common characteristics that are unique in intermittent streams.
During drying, evaporation could elevate solute concentrations (Brooks & Lemon, 2007), leading to higher
concentration at low flow and dilution patterns (Figure 9). During wetting, even small amounts of flow can trigger
sharp concentration spikes as materials accumulated over extended dry periods become reconnected and get
mobilized, which is classic “first-flush” behavior (Merbt et al., 2016; Pellerin et al., 2012; Riiegg et al., 2015).
Such behavior reflects how NOj; responds during these transitions in intermittent streams, where rapid shifts in
streamflow drive abrupt changes in chemistry. It is possible that drying events generally tend to lead to more
dilution patterns whereas wetting events often lead to flushing patterns.

Stream chemistry at no-to-low flow periods generally appear erratic, random, and unpredictable because of their
dependence on both biogeochemistry and specific details of dry-wet transition, as shown in Figure 10 (Butturini
et al., 2008). Low flows generally prolong residence time, increasing contact with surrounding materials and
enabling more biogeochemical reactions. They are known to promote high biological retention and reduce
nutrient concentrations (Moatar et al., 2017). In particular, in-stream NOj retention by biota often intensifies
during low flow (Dodds et al., 2000; O’Brien et al., 2007), possibly causing lower nitrate concentrations during
droughts, as have been observed in two hundred German rivers (Saavedra et al., 2024). Low flow conditions also
restrict hydrologic connectivity to only a small fraction of the landscape, meaning that small changes in
streamflow could determine when, where, and the extent to which source materials on land are flushed to streams,
leading to apparently erratic patterns (Knapp et al., 2022; Xiao et al., 2021). Such transition states has been
inceasingly recognized as critical in understanding and predicting hydrological extremes (Gotte & Brunner, 2024;
Muioz-Castro et al., 2025).

At streamflow higher than threshold values, all biogenic solutes showed flushing patterns, echoing flushing
patterns observed under wet state in both perennial (Creed et al., 2015; Fazekas et al., 2020; Fork et al., 2020;
Moatar et al., 2017) and intermittent streams (Butturini et al., 2006, 2008; Keen et al., 2024; Senatore et al., 2023;
Zimmer & McGlynn, 2018). In other words, once an intermittent stream is sufficiently wet and flowing, it
functions in ways similar to perennial rivers. The threshold values could differ for different solutes and in
different intermittent streams, likely depending on climate, vegetation, and land use, among other conditions.
These threshold values are important to quantify and understand, as they determine the flow regimes below which
we cannot predict stream chemistry from streamflow alone.

4.4. Dry—Wet Transitions Represent Windows of Opportunities for Understanding Intermittent Streams

The analysis here revealed that stream chemistry in intermittent systems is governed by drivers well beyond
streamflow, especially under no-to-low flow conditions. As such, existing conceptual frameworks, such as the
Shallow and Deep hypothesis (Stewart & Li, 2025; Zhi & Li, 2020) developed based on data in perennial rivers,
may not hold in intermittent streams, especially under no-to-low flow and variably inundated conditions (Stegen
et al., 2025). This underscores the need to develop new conceptual models and theories tailored to intermittent
streams, which must be grounded in targeted observations as the first step toward advancing knowledge.
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Despite being among the most intensively measured intermittent streams, NO4D illustrates the limits of existing
data. The stream chemistry data only covered 1%—17% of days over 1985-2022, highlighting the challenges of
measurement under no-to-low flow conditions (Seybold et al., 2023; Zimmer et al., 2020). The stream generally
flows half a year or less. Discharge data were occasionally unavailable due to equipment failure. Nutrient con-
centrations in these systems were relatively low and near limits of detection, where concentrations are more
uncertain and their variations may increase due to greater susceptibility to contamination. Biogenic solutes were
sampled three times per week but majority of the measurements occurred during base flow (62%) and the rest 37%
during no-flow or pooling conditions (Riiegg et al., 2015). Only ~11% of DOC samples were collected near storm
events. Missing high-flow days can bias interpretations: annual CQ slopes of SRP and TP were more positive in
years with more high-flow sampling (Table S10 in Supporting Information S1), consistent with the idea that
phosphorus export occurs primarily above a threshold discharge (Banner et al., 2009). Even for geogenic solutes,
dilution patterns have been observed more at event or monthly timescales (Speir et al., 2024), raising the question
of whether geogenic solutes shift from chemostatic to dilution-dominated behavior at event scales, something that
cannot be answered without higher-frequency data.

Critical events, such as storms that rewet dry channels, are rare by definition and notoriously challenging to
capture. Yet these short-lived “windows of opportunity” drive dramatic shifts from dry beds to flowing streams
(Dodds et al., 1996; Kemp & Dodds, 2001b; Riiegg et al., 2015) and are essential to understand dry-wet transitions
and threshold behavior. Large variability in biogenic solute concentrations during no-flow periods introduces
another dimension of challenge. Testing the hypothesis that multiple, competing biogeochemical processes drive
this variability require extensive data for different solutes. These high variability in extreme low and high ends of
flow regimes highlights the challenges in understanding stream water chemistry under hydrological extremes that
have become increasingly common (Li et al., 2024), and require innovation in technology to capture their multi-
layer complexities.

5. Conclusion

Most gauge stations that measure stream discharge and chemistry exist in perennial streams and rivers, leading to
poorly understood streamflow and chemistry dynamics in intermittent streams. Here we asked the question: does
streamflow predominantly drive stream chemistry in intermittent streams? We analyzed concentration data and
CQ patterns of geogenic and biogenic solutes at decadal, annual and monthly scales in an intermittent stream
draining the NO4D catchment of Konza, leveraging a three-decade record of stream chemistry. Geogenic solutes
showed primarily chemostatic patterns with CQ slope values between 0 and —0.1 at decadal and annual scales,
contrasting nearby perennial rivers with primarily dilution pattern. Biogenic solutes showed higher concentra-
tions than perennial rivers at the decadal scale but no pronounced CQ patterns. Their annual-scale CQ slopes
varied from year to year. Under a 31-day moving window analysis, “hidden” CQ patterns emerged for biogenic
solutes—highly variable patterns at low discharge that converged to flushing patterns at high discharge beyond
threshold values. Further examination of time series data underscored the importance of timing and direction of
dry-wet transitioning. Solute concentrations at low flow were generally higher and often more varied than those
under flow conditions. These results highlight distinct streamflow dynamics shaped not by streamflow alone but
more importantly by complex biogeochemistry and the direction and history of dry-wet transition in intermittent
streams.
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