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We characterize the hydrology of intermittent prairie headwater streams of the Konza Prairie Biological
Station (Konza) located in northeastern Kansas, USA. Flow records from four gaging stations were used to
quantify flow intermittence and mean and peak annual discharges. Gage sites used in this analysis are
classified as harshly intermittent with all sites having over 90 days of zero-flow annually. The largest
basin had the fewest zero-flow days and the shortest durations of zero-flow while the smallest basin
had the most zero-flow days and the highest frequency zero-flow durations. There were strong
correlations between total annual precipitation and the total number of zero-flow days and the number
of zero-flow periods. Correlations were less strong between the Palmer Drought Severity Index (PDSI) and
the number of zero-flow days and between PDSI and the number of zero-flow periods. Basin-averaged
total annual precipitation poorly predicted mean annual and peak annual discharges. Double mass plots
of streamflow to precipitation and streamflow in the headwaters to the receiving stream demonstrate
many instances of flow desynchronization. Results of this study suggest that local watershed-scale pro-
cesses, such as groundwater storage in limestone and alluvial strata, dynamic infiltration flow paths, and
soil moisture conditions, produce a threshold-driven hydrologic response, decoupling the headwater
hydrologic regimes from sub-annual weather patterns.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction watersheds worldwide. Intermittent streams account for more
Headwater streams form where channelized flow originates
and are tightly hydrologically, geomorphically, and biologically
linked to hillslope processes (e.g. Horton, 1945; Hack and
Goodlett, 1960; Hewlett and Hibbert, 1967; Likens et al., 1977;
Dietrich and Dunne, 1993; Gomi et al., 2002; MacDonald and
Coe, 2007). Headwaters are also important for longitudinal link-
ages with larger streams and are major contributors of energy
and matter to those larger streams (Gomi et al., 2002;
MacDonald and Coe, 2007; Banner et al., 2009). Due to their com-
paratively small size and connectivity to hillslopes, headwater
streams are particularly responsive to perturbations within the
watershed relative to larger streams (e.g. Benda et al., 2005). Head-
water streams, generally, have a stream order of less than three
(Vannote et al., 1980) and comprise between 66% (Leopold et al.,
1964) and 80% (Naiman et al., 2005) of the total stream length of
than 60% of the total river length in the contiguous United States
(Nadeau and Rains, 2007). Grasslands and wooded grasslands with
intermittent streamflow are responsible for approximately 28% of
global runoff (Dodds, 1997).

Native tallgrass prairie once covered 160 million hectares
within the United States but is now one of the most endangered
biomes with 95% of tallgrass prairie lost (Samson and Knopf,
1994). Within remaining fragments of prairie, many streams are
not large enough to support a fully functional watershed (Dodds
et al., 2004). In the Great Plains (USA) streams have harsh intermit-
tent or perennial discharge regimes with distinct periods of flood-
ing and drying (Dodds et al., 2004), high flood frequency, and low
predictability (Samson and Knopf, 1994). Although intermittent
prairie streams may have substantial portions of a year with
zero-flow, these systems can still strongly influence downstream
water quality (Dodds and Oakes, 2006, 2008).

Patterns of ecosystem expansion and contraction, as seen in
intermittent streams, have strong implications for ecological
communities. The extremely variable hydrologic regimes and
prolonged periods of zero-flow create a mosaic of aquatic and
terrestrial habitats that control ecological dynamics and regulate
the transfer and transformation of energy and materials in a
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system. Intermittent streams and their riparian zones are hot spots
for biogeochemical processes in arid to semi-arid regions
(McIntyre et al., 2009). Unsaturated riparian soils are a source of
nitrogen (Bernal et al., 2007), which is rapidly mobilized after peri-
ods of zero-flow as groundwater levels rise (Butturini et al., 2003).
The extreme variation in hydrology and associated abiotic habitat
elements structure the biotic assemblages of intermittent streams
(e.g. Lake, 2000; Dodds et al., 2004; Fritz and Dodds, 2005;
Schriever et al., 2014). The dry periods are key extrinsic drivers
on responses of functional and taxonomic richness in intermittent
streams (Schriever et al., 2014). Despite the frequent and often
severe hydrologic variations, intermittent headwater stream bio-
logical communities are highly resilient with microbes, inverte-
brates, and vertebrates recolonizing within days of a resumption
of flow (Murdock et al., 2010, 2011).

Within the last several decades, drought severity and duration
in the Great Plains have increased (Andreadis and Lettenmaier,
2006; Perkin et al., 2014) with up to 20% decreases in mean annual
precipitation (Gamble et al., 2008). General circulation models pre-
dict more frequent, intense precipitation events with longer inter-
vening dry periods in the coming decades for the Great Plains
region (Knapp et al., 2002; Milly et al., 2005). Climate projections
imply that global climate change will change precipitation regimes
dramatically, which may increase the prevalence and extremes of
intermittency (Larned et al., 2010b; Jaeger et al., 2014). Yet, there
is a general lack of knowledge of the characteristics of intermittent
streamflow because hydrologic records from small prairie streams
are typically scarce, short, and rarely complete (Shook and
Pomeroy, 2012) and few intermittent streams are intensively stud-
ied regardless of biome. While some attention has been devoted to
large river floods, which are generally independent of decadal pre-
cipitation trends (Schumm and Lichty, 1963; Julian et al., 2012), we
know of no systematic analysis of hydrologic regimes on smaller,
intermittent headwater systems in the Central Great Plains region,
USA. Confounding this data limitation is a general lack of knowl-
edge of the applicability of standard hydrologic indices developed
for perennial streams when applied to intermittent streams (Olden
and Poff, 2003). While these hydrologic models and indices (e.g.
the Indicators of Hydrologic Alteration; Richter et al., 1996) have
been frequently used to quantify the flow regime of perennially
flowing rivers (e.g. Magilligan and Nislow, 2005; Costigan and
Daniels, 2012), intermittent streams have received scant attention.

Intermittent streams are particularly endangered ecosystems
worldwide because they lack adequate management practices
and protective policies or legislation (Datry et al., 2014). We can-
not properly evaluate ecological responses or provide manage-
ment and protective policies without a baseline understanding
of the abiotic characteristics and mechanisms that drive intermit-
tent flow regimes (e.g. Acuna et al., 2014). The overall objective of
this study was to characterize the flow regime of intermittent
prairie headwater streams in the central Great Plains, USA. We
expected that hydrologic regimes would demonstrate little corre-
lation with large scale atmospheric patterns and instead be corre-
lated with local precipitation. We examine 25-years of hydrologic
records from four gages within an intermittent headwater stream
network to explore relationships between streamflow and precip-
itation as well as hydrologic relationships spatially within the
network.
2. Material and methods

2.1. Study site

This study was conducted within the Konza Prairie Biological
Station (herein Konza). Konza is owned by The Nature Conservancy
and Kansas State University (KSU) that is operated as a field
research station by the KSU Division of Biology and as an NSF-
funded Long Term Ecological Research (LTER) facility. Konza com-
prises 3487 ha of native tallgrass prairie in the Flint Hills region of
northeastern Kansas, USA (Fig. 1). We used flow records from three
intermittent, third order headwater streams (N01B, N02B, and
N04D) and the receiving fifth order, main trunk stream (Kings
Creek) to characterize discharge regimes. Distances that the head-
waters gages are from Kings Creek are: N01B is 3.51 km, N02B is
2.70 km, and N04D is 2.75 km (Table 1). All watersheds are com-
pletely within the boundary of Konza. Kings Creek has been mon-
itored by a U.S. Geologic Survey (USGS) stream gage (06879650)
since 1979 as a Hydrologic Benchmark. Gaging of the headwater
streams began when KSU installed trapezoidal concrete weirs in
1987, which monitor less than half the total drainage area above
the Kings Creek gage. All of the headwater sub-basins used in this
study have been grazed by Bos bison (American bison) since 1992
and have burn rotations ranging from 1 to 4 years (Table 1). The
streams used in this analysis are intermittent with complete sea-
sonal channel drying common in all but spring-fed reaches.

Konza is located within a temperate climate and the mean
annual precipitation for the study period (1987–2011) was
780 mm year�1 with 75% falling in the April through September
growing season (Fig. 2A). Approximately 52 mm year�1 of total
precipitation falls as snow (Hayden, 1998). Headwater floods typ-
ically occur in the summer months (Fig. 2B and C) and are tied to
antecedent moisture conditions (Gray et al., 1998). Precipitation
recharges the aquifers within a few hours through preferential
flow and stream-groundwater interactions (Tsypin and
Macpherson, 2013). The vegetation at the site is mesic native tall-
grass prairie dominated by perennial warm-season grasses. The
Flint Hills region contains the largest areas of unplowed native tall-
grass prairie remaining in North America (Samson and Knopf,
1994). Woody plants dominate the valley bottoms, with recent
expansion up tributary networks (Veach et al., 2014), while grasses
dominate the hillslopes (Briggs et al., 2005).

The Flint Hills physiographic province is underlain by flat to
slightly dipping 0–0.19� Permian-aged sedimentary rocks (Oviatt,
1998; MacPherson and Sophocleous, 2004). Stream networks dis-
sect the landscape, exposing alternating layers of 1–2 m thick
chert-bearing limestones and 2–4 m thick mudstone shales
(Fig. 3) (Macpherson, 1996; Oviatt, 1998). The more resistant lime-
stone layers form benches on hillslopes and knickpoints in stream
channels, while less resistant mudstones erode to more gradual
slopes, producing a terraced topography. Within the Kings Creek
drainage system, the Florence Limestone is the highest and youn-
gest layer and the Neva Limestone is the lowest and oldest layer
(Oviatt, 1998). Many seasonal freshwater springs emerge from
limestone exposures and can maintain isolated pools of water in
otherwise dry channels. Konza soils are developed from loess,
limestone, and shale, and are typically less than a meter thick on
hillslopes. Soils are thickest at the base of slopes and in the stream
valley bottoms (Ransom et al., 1998). There are numerous fractures
in the underlying limestones and shales, and during prolonged dry
periods soils form large (>3 cm) surface macropores (Tsypin and
Macpherson, 2013).

Mean annual precipitation at Konza has been partitioned into
14% direct runoff, 2% lateral flow through soils, 9% groundwater
recharge, and 75% evaporation (Steward et al., 2011). However,
annual water yield varies substantially as the long-term precipita-
tion mean is close to potential evapotranspiration (Dodds et al.,
1996). Soil moisture is greatest after frequent precipitation events
in the spring and early summer and lowest in the late summer and
fall (Tsypin and Macpherson, 2013). Rain gage measurements in
each sub-basin demonstrate that event specific precipitation is
heterogeneously distributed across the site.



Fig. 1. Study site locations within the Konza Prairie Biologic Station, Kansas.

Table 1
Konza watershed descriptions.

Gage Area (ha) Distance from Kings Creek (km) Burn frequency

Kings Creek 1060 – –
N01B 118.8 3.51 Annual
N02B 120.7 2.70 Biannually
N04D 135.5 2.75 4-years
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2.2. Data

Stream gages on N01B, N02B, and N04D are maintained by the
KSU Division of Biology, and data are available for a 25 year period
(1987–2011). These gages record discharge at five-minute inter-
vals during stormflow and are calibrated weekly when streams
are flowing. Discharge for Kings Creek is recorded in 15-minute
intervals. Total daily precipitation data is recorded at the Konza
weir sites during the growing season (April 1 through October
31) and at Konza headquarter’s (�2 km from the weirs) during
the entire year. The Konza headquarter’s precipitation gage was
used to as a proxy for precipitation in the headwaters when large
precipitation events occurred outside of the growing season. Indi-
vidual streamflow and precipitation gages, or headquarters precip-
itation gage during the non-growing season, were used to assess
the relationship between precipitation and streamflow. Peak dis-
charges were extracted from the record and matched with floods
at the other basins following Perkins and Jones (2008). Event pre-
cipitations were extracted from total daily precipitation and were
well-defined increase in total daily precipitation to which there
is a progressive rise from or near zero and after which there is a
progressive return to or near zero. Only distinct floods were
included in the analysis. The analysis used peak discharges and
precipitation measurements for the period of overlapping records
for all basins. Snow water storage was assumed to have minimal
influence on hydrologic regimes because less than 6% of the precip-
itation that falls at Konza is in the form of snow.

Over the 25-year period of record, the discharge records from
2006–2011 for N04D were of questionable quality due to a gage
malfunction. Multi-linear regressions (r2 = 0.82) were completed
to estimate mean daily discharge for N04D as a function of mean
daily discharge at N01B, N02B, and Kings Creek. No extrapolated
mean daily discharge data were used for estimation for peak dis-
charges and analysis where peak discharge was used were trun-
cated for a period of record form 1987–2006 for the N04D gage.
Only days with complete and quality data were used for analyses
purposes for all gages.

The Palmer Drought Severity Index (PDSI) is one of the original
drought indices developed for the US (Palmer, 1965). The PDSI is a
cumulative drought index that measures deviations in moisture
conditions that is calculated based off of precipitation,
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Fig. 2. Konza Prairie Biological Station’s (A) mean monthly precipitation (1987–
2011), (B) mean monthly discharge (1987–2011), and (C) maximum monthly
discharge (1987–2011).
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temperature, and local available water content that are reported at
regional scales. Annual PDSI data for the Northeast region of Kan-
sas (1987–2011) were obtained from the National Climatic Data
Center (http://www.ncdc.noaa.gov).
2.3. Data analysis

Hydrologic characterizations employ a wide range of indices,
but only two are commonly used to describe flow intermittency:
the frequency and duration of zero-flow periods (e.g. Poff, 1996;
Knighton and Nanson, 2001). Zero-flow frequency and duration
are fundamental characteristics of intermittent streams and are
increasingly being reported in ecologic studies of intermittent
streams because of the direct translation to habitat availability
and persistence (e.g. Jaeger et al., 2014; Schriever et al., 2014).
Our analyses focused on the relations between discharge, precipi-
tation, and PDSI within the Konza dataset. Following Daniels
(2007), simple linear regressions were completed for correlations
between maximum annual and mean annual discharge to total
annual precipitation. Peak discharges and associated precipitation
were log-transformed prior to model fitting and linear regressions
and correlations were used (Jones and Perkins, 2010).
Double mass curves are a simple visual method widely used to
study consistency and long-term trends in hydro-meteorological
data sets. Double mass plots (Searcy and Hardison, 1960) are the
plots of the cumulative amount of a quantity of interest at a station
under consideration against the cumulative amount of a neighbor-
ing station. If the variables plot as a straight line on a double mass
plot, they are consistently proportional over time and the slope of
this line is the ratio between the two variables. Changes in the
slope of a double mass curve are indicative of changes in the origi-
nal relationship between variables that can include a change in the
gaging station and or rating curve, errors in the data, changes in the
catchment conditions, and/or changes to climate that affect the
relationships between the variables of interest.

Temporal changes in annual streamflow statistics for the period
of record were evaluated with standardized departure analyses of
annual streamflow statistics. Departure analyses are useful for
determining how daily flow magnitudes change over time
(McCabe and Wolock, 2002). Departure analyses were conducted
for mean, median, and maximum flows as determined by

�Q � Q i

rQ

where �Q is the long-term mean discharge, Qi is the discharge for the
ith time period, and rQ is the standard deviation of the long-term
record of streamflow data of each gage.
3. Results

3.1. Flow intermittency

Discharge regimes at Konza were characterized as intermittent
with all gages experiencing periods of prolonged zero-flow annu-
ally. No gaging station had zero-flow recorded exclusively in the
winter, indicating that freezing was not the sole cause of intermit-
tence at any station. The year in which the highest zero-flow fre-
quencies or longest zero-flow duration occurred at each station
was variable across stations (Table 2). Streams at Konza can be
flowing or dry during any month throughout the record. In some
years, the channels were almost completely dry and others they
flowed for almost the entire year.

Kings Creek experienced the least amount of zero-flow days
with an average duration of 179 days per year of zero-flow
recorded at the gage site (Table 2). N02B had the most zero-flow
days with an average duration of 248 days per year of zero-flow.
Kings Creek had the lowest amount of zero-flow days recorded in
1998 with only 28 days that year experiencing zero-flow. N02B
had the most zero-flow days recorded in 2006 with 356 days that
year experiencing zero-flow. Trends in the number of zero-flow
days followed the size of watershed with the largest watershed
having the least number of zero-flow days and the smallest water-
sheds having the most zero-flow days. There were significant neg-
ative correlations between the number of zero-flow days and mean
annual precipitation. The relationship was the strongest for N02B
but Kings Creek, N01B, and N04D were also strong.

The frequency of zero-flow periods varied among watersheds.
Kings Creek had an average frequency of zero-flow periods of three
per year while N02B had seven per year (Table 2). Kings Creek had
the least amount of zero-flow day frequencies in 1998 and 2010
where there was only one period of drying. N02B had the highest
frequency of zero-flow days (19 periods in 2009). As with the num-
ber of zero-flow days, the frequency of zero-flow days also indi-
cated the largest watershed has the most infrequent periods and
the smallest watershed had the most frequent periods of zero-flow.
The frequencies for zero-flow periods were highly correlated with
mean annual precipitation for the headwater gages.

http://www.ncdc.noaa.gov


Fig. 3. (A) Photograph of the upper hillslopes of the Kings Creek study watershed. The green right-hand portion of the image is a recently burned sub-basin, revealing the
limestone outcroppings as lines of white boulders corresponding to bench levels in the topography, highlighted by white bars. The uppermost bench pictured here is the
Florence Limestone, the highest elevation surface in the study watershed. (B) Cross sectional diagram of local geology within the Kings Creek network. Shaded layers
represent limestone alternating with mudstone shales, indicated by un-shaded layers. Relative landscape elevation position of the main stem Kings Creek gage (cylinder M)
and the higher tributary gages (cylinder T) are placed within the geological framework. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 2
Average (standard deviation), maximum, and minimum duration of zero-flow days
and periods for the period of record (1987–2011).

N01B N02B N04D Kings Creek

Zero-flow days
Average 231 (76) 248 (76) 217 (75) 179 (95)
Maximum 351 356 326 318
Minimum 56 50 57 28

Zero-flow periods
Average 6 (3) 7 (5) 5 (3) 3 (2)
Maximum 12 19 14 7
Minimum 2 2 1 1
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The frequency and duration of zero-flow days were poorly cor-
related for all the watersheds except N02B. Regressions of number
of zero-flow days with PDSI and total annual precipitation revealed
negative slopes between the number of zero-flow days with PDSI
and total annual precipitation (Table 3). These negative correla-
tions were significant for all watersheds but were more strongly
negatively correlated for total annual precipitation than they were
for PDSI. Correlations for the frequency of zero-flow periods were
not as significant or strong for precipitation or PDSI as correlations
for total number of zero-flow days (Table 4). The correlation of fre-
Table 3
Correlation matrix of the duration of zero-flow periods (i.e., the number of days of each d
Severity Index (PDSI) for the period of record (1987–2011). The first line is the strength o

Precipitation Kings Creek

Precipitation 1 �0.66
<0.005

Kings Creek 1

N01B

N02B

N04D

PDSI
quency of zero-flow days were significant for N04D and N02B
against PDSI, while N01B and Kings Creek were insignificant. With
the exception of Kings Creek, correlations between the frequencies
of zero-flow days for each of the watersheds were significant and
positive against total annual precipitation.
3.2. Annual flows

Mean annual discharge of the four watersheds used in this anal-
ysis were dominated by discharge that occurred between April and
July (Fig. 2B). Correlations of mean annual discharge and total
annual precipitation revealed that the relationship for the smaller
watersheds of this study was stronger and more significant (N01B
0.53, p = 0.006; N02B 0.57, p = 0.003) than that of the larger water-
sheds (N04D 0.06, p = 0.78; Kings Creek 0.03, p = 0.88). Linear
regressions of mean annual discharge and total annual precipita-
tion overall did not have strong relationships (Fig. 4A; Table 5).
The linear regressions for the smallest watershed (N02B:
F2,28 = 11.00, r2 = 0.32, p = 0.0003; N01B: F2,28 = 9.04, r2 = 0.28,
p = 0.006) were much stronger than those for the larger watersheds
(N04D: F2,28 = 0.08, r2 = <0.01, p = 0.78; Kings Creek: F2,28 = 0.02,
r2 = <0.01, p = 0.88). Peak annual discharge events occurred in the
same time period that mean annual discharge events occured, in
April through July (Fig. 2C). Overall, the linear regressions for peak
ry period) in each watershed with total annual precipitation and the Palmer Drought
f the correlation and the second line is the p value of the correlation.

N01B N02B N04D PDSI

�0.55 �0.75 �0.45 0.51
0.01 <0.003 0.03 0.01
0.7 0.83 0.54 �0.65
<0.001 <0.001 0.006 0.001
1 0.76 0.83 �0.52

<0.002 0 0.01
1 0.62 �0.69

0.001 <0.002
1 �0.43

0.03
1



Table 4
Correlation matrix of the frequency of zero-flow periods in each watershed with total
annual precipitation and the Palmer Drought Severity Index (PDSI) for the period of
record (1987–2011). The first line is the strength of the correlation and the second
line is the p value of the correlation.

Precipitation Kings Creek N01B N02B N04D PDSI

Precipitation 1 �0.11 0.52 0.45 0.57 0.51
0.62 0.009 0.03 0.004 0.01

Kings Creek 0.16 �0.02 0.10 �0.27
0.46 0.93 0.63 0.20

N01B 0.24 0.60 0.19
0.27 0.002 0.37

N02B 0.17 0.41
0.42 0.05

N04D 0.43
0.04
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0.1

1

10

100

1000

0 20 40 60 80 100 120 140

0.0001

0.001

0.01

0.1

1

400 600 800 1000 1200

0.001

0.01

0.1

1

10

100

1000

400 600 800 1000 1200

Total annual precipitation (mm)

Event precipitation (mm)

M
ea

n 
an

nu
al

 d
is

ch
ar

ge
 (m

 s 
  )

3 
 -1

Pe
ak

 a
nn

ua
l d

is
ch

ar
ge

 (m
 s 

  )
3 

 -1
Pe

ak
 e

ve
nt

 d
is

ch
ar

ge
 (m

 s 
  )

3 
 -1

Total annual precipitation (mm)

N1B

N2B

N4D

Kings Creek

(A)

(B)

(C)

Fig. 4. Konza Prairie Biologic Station’s (A) mean annual discharge (1987–2011) and
(B) peak annual discharge (1987–2011) as a function of total annual precipitation
and (C) peak event discharge (1987–2011) as a function of the event’s discharge.

Table 5
Parameter estimates for simple linear regression analysis between mean annual
discharge and total annual precipitation.

a b SEb r2 F p

N01B �0.03 5.69E�05 1.89E�05 0.28 9.04 0.006
N02B �0.04 6.83E�05 2.06E�05 0.32 11.00 <0.003
N04D 0.01 3.36E�05 1.00E�04 3.50E�04 0.08 0.78
Kings 0.05 1.20E�05 7.88E�05 1.00E�03 0.02 0.88

Here a and b are parameters in the relation y = a + bx. SEb is the standard error of the
coefficient b; r2 is the coefficient of determination; F is the value of the F distri-
bution; p is the significance probability.

Table 6
Parameter estimates for simple linear regression analysis between peak annual
discharge and total annual precipitation.

a b SEb r2 F p

N01B �14.23 0.03 0.01 0.40 15.04 <0.001
N02B �12.88 0.02 0.01 0.17 4.63 0.04
N04D �52.65 0.08 0.03 0.20 5.69 0.03
Kings �101.75 0.18 0.07 0.21 6.12 0.02

Here a and b are parameters in the relation y = a + bx. SEb is the standard error of the
coefficient b; r2 is the coefficient of determination; F is the value of the F distri-
bution; p is the significance probability.
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annual discharge were more significant than those for mean
annual discharge (Fig. 4B; Table 6). N01B had the strongest rela-
tionship (F2,28 = 15.04, r2 = 0.4, p < 0.001).
3.3. Flood flows

The majority of peak discharges matched a large precipitation
event within 12-h but were occasionally up to 36-h apart in the
larger watersheds (Table 7). The most extreme floods were the
product of strong convective thunderstorms that occurred in sum-
mer (Fig. 5). All gages had at least one peak flood outside of the
summer months. Extreme peak discharges of record were 232.8
and 168.5 m3 s�1 (17 July 1993 and 22 July 1992), both at the Kings
Creek gage where 26 of the top 30 floods occured between April
and July. The floods that occurred outside of the summer were
not associated with rain-on-snow events. N01B was the only
watershed that had a peak discharge of record outside of spring
or summer (3 November, 1998), which corresponded with the
25th largest Kings Creek flood (Table 7). The two largest peak
floods at Kings Creek were ranked among the top six for N01B
and N02B. The timings and magnitude of peak floods were not con-
sistent between gages used in this analysis and were, for the most
part, associated with unique precipitation events (Table 7).
Although the record for N04D is truncated, trends in peak dis-
charges were similar to other gages in that summer floods domi-
nate (Fig. 5). While rankings of peak floods were not completed
due to data quality issues for a small portion of the period of
record, four of the five top floods at N04D were coincident with
those at the Kings Creek gage (Table 7).

Correlations of floods rankings reveal that N01B and N02B were
highly correlated to Kings Creek. Correlations between headwaters,
excluding Kings Creek, demonstrated that the smallest watershed
gages were strongly correlated. Peak flood discharges and event
precipitation correlations in these basins were not significant. Lin-
ear regressions of the peak flood discharge and event precipitation
demonstrated that the relationships for all the watersheds used in
this analysis were not significant (Fig. 4C; Table 8).
3.4. Trends and change points for hydro-climatic series

The temporally dynamic relationship between annual rainfall
and annual streamflow at all gages was evaluated using double
mass plots (Fig. 6A and B). Breaks in the slope of these double mass
curves indicated inconsistent relationships between annual



Table 7
Rankings of the top 30 peak discharge events at the headwater gages with respect to Kings Creek where PPT is the total event precipitation and PQ is the peak discharge seen at
the gage. * indicates peak discharges not experienced at Kings Creek.

N01B N02B N04D Kings Creek

Date PPT
(mm)

PQ
(m3/s)

Rank Date PPT
(mm)

PQ
(m3/s)

Rank Date PPT
(mm)

PQ
(m3/s)

Rank Date PPT
(mm)

PQ
(m3/s)

Rank

11/3/1998 66 18.2 25 6/19/2001 58 39.8 15 7/24/1993 52 9.2 7/17/1993 95 232.8 1
5/13/1995 55 15.6 10 7/17/1993 95 15 1 7/22/1992 113 9.1 7/22/1992 91 168.5 2
7/22/1992 91 15.6 2 7/22/1992 91 10.2 2 6/19/2001 56 7.6 7/2/2004 52 165.9 3
5/26/1996 83 15.4 17 6/20/2009 47 10.1 8 6/4/2005 96 7.4 6/4/2005 96 106.8 4
7/2/2004 52 15.3 3 6/4/2005 96 8.4 4 7/2/2004 69 7.1 7/25/1993 51 89.2 5
7/17/1993 95 14.1 1 7/24/1993 51 5.9 5 5/23/1995 69 6.7 4/26/2009 78 80.7 6
7/8/2008 43 11.1 * 4/26/2009 78 5.4 6 5/17/1995 49 6.5 5/6/2007 92 55.8 7
6/28/1999 39 10.1 11 5/13/1995 55 5.3 10 6/28/1999 37 5.6 6/21/2009 47 48.1 8
4/26/2009 78 9.3 6 6/2/2011 54 4.7 18 5/12/1995 58 4 3/30/2007 43 43.3 9
6/4/2005 96 9.1 4 7/2/2004 52 4.6 3 6/11/2005 49 3.3 5/12/1995 53 41.6 10
6/20/2009 47 8.5 8 6/10/2005 52 4.4 12 5/27/1995 32 3.3 6/28/1999 39 37.7 11
5/23/1995 72 8.4 14 5/5/2002 43 3.8 31 4/13/1999 55 2.7 6/10/2005 52 30.3 12
6/2/2011 54 7.5 18 5/17/1995 42 3.4 21 10/5/1998 32 2.4 6/2/2008 48 29.2 13
8/9/2008 124 6.8 23 5/27/1995 36 2.5 20 6/29/2003 56 2.3 5/23/1995 72 25.3 14
6/10/2005 52 5.8 12 5/26/1996 83 2.3 17 5/10/1993 61 1.9 6/20/2001 58 25.2 15
6/2/2008 57 5.1 13 8/9/2008 124 2.2 23 6/6/1996 15 1.8 4/13/1999 48 24.9 16
4/13/1999 48 4.9 16 4/21/2001 19 2.1 46 2/24/2001 35 1.6 5/26/1996 83 24.6 17
10/5/1998 33 4.1 79 3/30/2007 43 2.1 9 11/2/1998 63 1.6 6/2/2011 54 21.7 18
4/5/1999 38 3.3 42 4/13/1999 48 2 16 10/18/1998 53 1.5 6/25/1995 48 21.2 19
3/30/2007 43 3.3 9 10/18/1998 62 1.9 27 4/5/1999 37 1.4 5/27/1995 36 19.4 20
6/16/2009 44 2.9 34 6/16/2009 44 1.7 34 7/1/1993 36 1.4 5/17/1995 42 17.2 21
6/25/1995 48 2.8 19 5/23/1995 72 1.6 14 11/16/1996 48 1.3 5/10/1993 50 16.9 22
7/4/1992 79 2.8 54 6/2/2008 57 1.6 13 9/8/1989 43 1.3 8/9/2008 124 15.9 23
8/14/2006 79 2.5 85 7/31/1998 59 1.6 29 4/27/1999 27 1.1 7/4/1993 95 14.6 24
5/27/1995 36 2.3 20 7/8/2008 43 1.4 * 5/5/2002 49 1 11/1/1998 33 11.8 25
8/25/2006 42 2.2 64 6/13/2010 58 1.3 52 6/25/1995 77 1 4/22/2010 80 11.8 26
5/10/1993 50 2.1 22 7/4/1993 95 1.3 24 5/3/1993 24 1 10/17/1998 62 11.4 27
6/13/2010 58 2.1 52 4/22/2010 80 1.3 26 7/4/1992 87 1 6/29/2003 55 10.7 28
7/18/2008 57 1.9 47 5/10/1993 50 1.1 22 8/12/1987 81 0.9 7/30/1998 59.4 10.5 29
9/12/2008 78 1.8 36 10/5/1998 33 1.1 79 4/13/1987 43 0.8 9/8/1989 32.5 9.9 30

Table 8
Parameter estimates for simple linear regression analysis between peak event
discharges and their associated event precipitation.

a b SEb r2 F p

N01B �0.52 0.72 0.04 0.10 3.10 0.89
N02B �0.35 0.48 0.42 0.05 1.32 0.26
N04D 8.07 0.22 0.32 0.03 0.92 0.35
Kings 0.09 0.79 0.46 0.10 3.01 0.09

Here a and b are parameters in the relation y = a + bx. SEb is the standard error of the
coefficient b; r2 is the coefficient of determination; F is the value of the F distri-
bution; p is the significance probability.
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streamflow and annual precipitation through time (Fig. 6A). In
some years, streamflow increased with respect to precipitation
across all gages as indicated by increased slope of the double mass
curves (Fig. 6A). Similarly, double-mass curve plots of annual flows
in the headwater gages versus the Kings Creek gage demonstrated
that there were numerous and systematic breaks in the relation-
ship between streamflow in the headwaters versus Kings Creek
(Fig. 6B). Examination of the flow and precipitation records did
not reveal any seasonal or individual precipitation event variables
that were coincident across all breaks in slope.

For all gages, standardized departure analyses of annual mean,
median, and maximum daily streamflow indicated that there was
not a visible step-shift or gradual increase or decrease in stream-
flow at Konza. Departure analyses indicated that there were
extreme variations in positive and negative departures for all gages
(Fig. 7). The departures were inconsistent between watersheds
with no synchronization of high or low departures. Positive depar-
tures were consistently of a much larger magnitude than negative
departures throughout all gages.
4. Discussion

Our results demonstrated that characteristics of intermittency,
the frequency and duration of zero-flow periods, were highly
correlated. Stream gages characterized by decreased baseflow
persistence had lower mean annual discharge, as observed in other
studies of intermittent streams (e.g. Larned et al., 2010a). Likewise,
the persistence of baseflow increased with watershed area, as
observed by Snelder et al. (2013). The more sustained flow at the
Kings Creek gage when compared to the smaller headwater
streams is consistent with Steward et al. (2011) who found slight
enhancement of recharge beneath upland intermittent streams
and enhanced baseflow at Kings Creek. However, our results devi-
ated widely from previous studies with respect to relationships
between measures of climate inputs (precipitation) and
streamflow.

Overall, the associations between streamflow and precipitation
were stronger than those for PDSI, which is contrary to past work
within the larger Great Plains region which found that streamflow
in the perennial headwaters of the Platte River were more corre-
lated with regional than local conditions (Daniels, 2007). The
diversity within Great Plains hydro-climatic regimes is substantial
enough that the two sites may not be very comparable. Our study
system in the Central Great Plains is located at the juxtaposition of
many different climatic teleconnections, which complicates the
application of broadly calculated values like PDSI, to the patterns
we saw at Konza (Goodin et al., 2003). Variation in rainfall across
catchments is a familiar problem to rainfall-runoff modelers, and
our precipitation analyses demonstrated that even local precipita-
tion was very heterogeneous across the small land surface area
that Konza encompasses, further complicating relationships



Fig. 8. Conceptual model of potential groundwater flow pathways through the
geological matrix (solid line) and alluvial near-channel zones (dashed line) within
the study watershed, bypassing the 3rd order tributary stream gages.
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between PDSI and local streamflow at the study site. Therefore, it is
unsurprising that the broadly calculated PDSI moisture variable is
not a strong of a predictor of stream discharge.

Regression relationships between Konza’s total annual precipi-
tation and both mean and peak annual discharges yielded weak
relationships and did not correspond across watersheds. The lack
of significant relationships in regression results indicated that
missing variables play a significant role in determining mean
annual and peak annual discharges. Relationships between precip-
itation and flood discharges were also poor, which is not surprising
given the estimated partitioning of �75% of precipitation to evapo-
transpiration losses from the watershed. However, the desynchro-
nization of flood flows between watersheds with similar
vegetation coverage and longitudinally through the Kings Creek
network suggests something more than evapotranspiration flux
is at work producing the poor precipitation-discharge relation-
ships. The intermittent headwater stream peak flood discharges
are poorly correlated with those at the Kings Creek gage, but
N01B and N02B were more strongly correlated to each other than
any of the other streams.

The observed breaks in double mass curve plot slopes suggest a
threshold-driven process is controlling the headwater streams dis-
charge regimes. Double mass plot slope breaks are not coincident
in timing with any major landscape disturbance, including burn-
ing, that would provide a reasonable anthropogenic driver of
altered tributary hydrologic response, leaving only internal
watershed or climate processes as possible explanations. Varia-
tions in soil moisture storage, groundwater table fluctuations,
and spring seepage have all been observed as important controls
on streamflow in other intermittent stream systems (e.g.
Fleckenstein et al., 2006; Larned et al., 2010a, 2010b). The desyn-
chronization of measured peak streamflow may also be attribut-
able to variation in precipitation heterogeneity (Zégre, 2009).
Because this analysis only focused on a small portion of the head-
waters of the Kings Creek drainage, it makes a conclusive explana-
tion of the causes of desynchronization difficult. For example,
locally intense precipitation may have fallen within sub-basins
not used in this analysis, producing disparities between stream-
flow recorded in gaged headwaters and the main Kings Creek gage.

In any arid environment, evapotranspiration is a substantial
control on water delivery to stream channels. Past studies have
modeled very high rates of evapotranspiration (75% of precipita-
tion) at Konza (Steward et al., 2011). Precipitation loss through
evapotranspiration can reach over 83% in more southerly portions
of the Great Plains (Wine and Zuo, 2012). Long-term records indi-
cate that terrestrial plant production at Konza is highly variable
depending on the balance between annual precipitation and
potential evapotranspiration (Knapp and Smith, 2001), and this
variability is amplified in the system’s streamflow, producing sev-
eral orders of magnitude variation in stream discharge (Dodds
et al., 1996). However, evapotranspiration losses are insufficient
to explain the extreme decoupling between discharge and precip-
itation inputs observed at Konza. Furthermore, the observed time
lag time between peak precipitation in the spring and peak flood
discharges in the summer suggests that a critical threshold of
watershed storage must be exceeded prior to initiation of con-
nected streamflow and flood flow response to precipitation inputs.

A number of watershed processes related to watershed storage
compartments may be acting alone or in combination to produce
the strong threshold response in the precipitation-streamflow rela-
tions observed as episodic changes in the slope of the double-mass
curves plots. While subsurface flow is widely recognized as an
important contributor to streamflow generation, we are less cer-
tain of the specific processes and process pathways involved (e.g.
McGuire and McDonnell, 2010). Precipitation infiltration and run-
off pathways at Konza may include slow percolation through soils,
bypassing of the soil matrix and rapid flow through large macrop-
ores, surface water runoff via saturation overland flow, subsurface
flow through shallow alluvial materials, and downslope emergence
as spring flow. Each of these pathways produces differential
streamflow and groundwater recharge response rates throughout
a basin (Tsypin and Macpherson, 2013) and would fundamentally
regulate the temporal and spatial stream discharge regime in a
network.

Previous efforts to develop a water budget model for Konza and
the surrounding regional streams have suggested that enhanced
recharge along intermittent headwater stream channels within
the watershed is the cause of the increased baseflow at the lower
Kings Creek gage (Steward et al., 2011). This model assumes that
surface water inputs to tributary stream channels traverses down-
slope within shallow alluvial fill materials, bypassing detection by
headwater gages, and emerges at the base of the valley as
enhanced baseflow in Kings Creek. Field observations of stream
wetting behavior support this general hypothesis in that the
extreme upper portions of the network appear to wet first and
extend in the down-network direction during wet years to achieve
full network connectivity (WK Dodds, personal observation). How-
ever, the upstream wetting front appears to be driven by baseflow
generated high in the watershed, suggesting that deeper ground-
water interactions are also an important source of input to the pro-
posed alluvial fill pathway. Groundwater storage zones high in the
watershed may simply fill first, causing them to ‘‘spill’’, and create
wetted channel reaches at network extremities disconnected from
lower reaches. This spatially localized ‘‘fill and spill’’ dynamic
would produce the type of disconnection between precipitation
and measured discharges at the headwater gages, while also
explaining the enhanced recharge observed at Kings Creek. Other
studies have demonstrated the influence of topography on
watershed fill and spill dynamics (e.g. Sayama et al., 2011), lending
support to the idea that the specific surficial geology layers could
also be influential.

Another potential explanation is that the observed soil macrop-
ores may temporarily, but fundamentally, alter hillslope-channel
hydrologic connections. Macropores have long been recognized
as important pathways for preferential flow in soils (e.g. Beven
and Germann, 1982). Based on findings from studies of smaller
macropore features (Zhang et al., 2013), it is reasonable to assume
that during dry periods the substantial macropores in the soil sur-
face provide pathways for preferential flow deep into the soil.
Combined with fractures in the geologic layers, this may allow
direct recharge to groundwater bearing limestone layers, bypass-
ing shallow subsurface matrix flow paths to the stream channels.
This rapidly recharged groundwater could emerge at springs in
the geological sections below the headwater gages but upstream
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of the Kings Creak gage (Fig. 8), producing a disconnection between
headwater streamflow and precipitation as well as the observed
disconnection between headwater gages and the Kings Creek gage.
Although we do not have data on relative spring flow from each
layer, the Neva limestone layer is a particularly thick layer located
between the tributary sub-basin gages and he main Kings Creek
gage and may be contributing substantial groundwater contribu-
tions to Kings Creek (Fig. 8). During wetter periods, increased soil
moisture would result in the macropores closing, which eliminates
or greatly reduces the rapid recharge pathway and forces infil-
trated precipitation to transit via the soil matrix as through-flow,
even potentially saturating source areas, and producing stormflow
runoff in the headwater channels. The closure of macropores rep-
resents a filling threshold within the soil moisture storage zone
that could drive a threshold-type response as observed in our
results. Although past work on groundwater-surface water interac-
tions at Konza (Macpherson and Sophocleous, 2004) suggested
flow through macropores was not substantial within the alluvial
valley bottoms, we suggest that the hillslopes may be the main
location for this direct recharge through large macropores.

In all likelihood, a combination of the above physical processes
are working in concert with evapotranspirative fluxes to result in
the stochastic threshold behavior observed at Konza. For example,
very large precipitation events in the late summer may not mani-
fest as streamflow because of high infiltration through large mac-
ropores in dry soils and high evapotranspiration removal of
water from the soil and shallow groundwater matrices before shal-
low subsurface flow reaches the stream channel. In contrast, in
early spring when evapotranspiration demand is low but soil mois-
ture and groundwater tables are generally higher, the same precip-
itation volume may manifest as a large streamflow volume. Both
soil moisture and evapotranspiration are very temporally dynamic
at Konza, and the absence of continuous measurements of these
variables makes a conclusive explanation for the lack of relation-
ship between mean and peak annual discharges difficult. Testing
these hypotheses is presently precluded by a lack of understanding
of macropore dynamics in relation to soil moisture thresholds in
the Konza soils, as well as a lack of understanding of sub-surface
flow paths through the site’s varying geologic layers, and would
clearly be a profitable area for future research.
5. Conclusions

In this study, we used long-term streamflow and climate
records to characterize the hydrology of an intermittent prairie
headwater stream network in the central Great Plains, USA. Results
demonstrated a desynchronization of hydrologic regimes among
adjacent headwater catchments as well as longitudinally through
the network, which suggests watershed conditions strongly control
intermittent headwater stream hydrologic response and connec-
tivity. There were strong correlations between precipitation and
the total number of zero-flow days and the number of zero-flow
periods. Correlations were less strong for PDSI with the frequency
and duration of zero-flow days. Basin averaged total annual precip-
itation poorly predicted mean annual and peak annual discharges.
Double mass plots of precipitation to streamflow indicated that
there were numerous systematic breaks showing higher stream-
flow than precipitation and higher streamflow in the headwaters
that was not seen at Kings Creek. Standardized departure analyses
indicated that there were no gradual or step changes in streamflow
at Konza, but a longer period of recorded streamflow would be
more useful to fully characterize trends in streamflow. Therefore,
it is important to consider local processes, like water-table fluctu-
ations, soil moisture conditions, subsurface flow pathways, and
preferential flow through soil macropores as important factors
influencing the hydrology of intermittent prairie streams. Since
the geology and soils at Konza are representative of the broader
Flint Hills physiographic province (Mandel, 2008), it is quite likely
that streamflow and precipitation are similarly desynchronized
throughout the headwater networks of the region, and potentially
in other areas in moderately xeric climates underlain by layered
limestones.

While the number of studies of intermittent streams has greatly
increased in the last decade, especially their ecology (e.g. Datry
et al., 2011, 2014; Larned et al., 2010b), there is still much work
needed to understand the hydrology of intermittent streams. In
particular, detailed coincident observations of soil moisture condi-
tions, water table fluctuations, macropore dynamics, and stream-
flow are needed over a broad range of hydrologic and
geomorphic regimes. Measurements of network expansion and
contraction due to variable moisture reserves have recently been
completed (e.g., Jaeger and Olden, 2012; Godsey and Kirchner,
2014) but a comprehensive understanding of the controls on inter-
mittent streamflow is still lacking. Quantifying characteristics of
streamflow continuity and connectivity are important for under-
standing ecological responses to expansion and contraction cycles.
The degree of continuity will influence the resistance or the ability
of biota to endure and/or avoid a disturbance. In light of predicted
global climate change, intermittent flow is expected to become
more common (e.g. Larned et al., 2010b; Jaeger et al., 2014),
improved understanding of the hydrology of intermittent streams
should become a key priority for hydrologists and watershed man-
agers. Results of this study demonstrate that there is a complex
hydrology, both spatially and temporally, at Konza and further
studies that combine surface hydrology and hydrogeology would
be beneficial in understanding the mechanisms of the precipita-
tion-discharge relationship.

Acknowledgements

The authors are thankful to K.B. Gido and R.A. Marston whose
thoughtful comments improved an earlier version of this manu-
script. Reviews by J. Curran and two anonymous reviewers greatly
improved this manuscript. We also thank the LTER workers and
students who maintained the stream monitoring program over
the years. Support was provided by the Konza Prairie LTER pro-
gram NSF-DEB Grant #0823341. Contribution no. 15-246-J from
the Kansas Agricultural Experiment Station.

References

Acuna, V., Datry, T., Marshall, J., Barcelo, D., Dahm, C., Ginebreda, A., McGregor, G.,
Sabater, S., Tockner, K., Palmer, M., 2014. Why should we care about temporary
waterways? Science 343, 1080–1081.

Andreadis, K.M., Lettenmaier, D.P., 2006. Trends in 20th century drought over the
continental United States. Geophys. Res. Lett. 33. http://dx.doi.org/10.1029/
2006GL025711.

Banner, E., Stahl, A., Dodds, W., 2009. Stream discharge and riparian land use
influence in-stream concentrations and loads of phosphorus from central plains
watersheds. Environ. Manage. 44, 552–565.

Benda, L.E., Hassan, M.A., Church, M., May, C.L., 2005. Geomorphology of Steepland
Headwaters: the transition from hillslopes to channels. J. Am. Water Resour.
Assoc. 41, 835–851.

Bernal, S., Sabater, F., Butturini, A., Nin, E., Sabater, S., 2007. Factors limiting
denitrification in a Mediterranean riparian forest. Soil Biol. Biochem. 39, 2685–
2688.

Beven, K., Germann, P., 1982. Macropores and water flow is soils. Water Resour. Res.
185, 1311–1325.

Briggs, J.M., Knapp, A.K., Blair, J.M., Heisler, J.L., Hoch, G.A., Lett, M.S., McCarron, J.K.,
2005. An ecosystem in transition: causes and consequences of the conversion of
mesic grassland to shrubland. Bioscience 55, 243–254.

Butturini, A., Bernal, S., Nin, E., Hellin, C., Rivero, L., Sabater, S., Sabater, F., 2003.
Influence of the stream groundwater hydrology on nitrate concentration in
unsaturated riparian area bounded by an intermittent Mediterranean stream.
Water Resour. Res. 394, 1110. http://dx.doi.org/10.1029/2001WR001260.

Costigan, K.H., Daniels, M.D., 2012. Damming the prairie: human alteration of Great
Plains river regimes. J. Hydrol. 444–445, 90–99.

http://refhub.elsevier.com/S0022-1694(14)01042-7/h0005
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0005
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0005
http://dx.doi.org/10.1029/2006GL025711
http://dx.doi.org/10.1029/2006GL025711
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0015
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0015
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0015
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0020
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0020
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0020
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0025
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0025
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0025
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0030
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0030
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0035
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0035
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0035
http://dx.doi.org/10.1029/2001WR001260
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0050
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0050


K.H. Costigan et al. / Journal of Hydrology 522 (2015) 305–316 315
Daniels, J.M., 2007. Flood hydrology of the North Platte River headwaters in relation
to precipitation variability. J. Hydrol. 344, 70–81.

Datry, T., Arscott, D.B., Sabater, S., 2011. Recent perspectives on temporary river
ecology. Aquat. Sci. 73, 453–457.

Datry, T., Larned, S.T., Tockner, K., 2014. Intermittent rivers: a challenge for
freshwater ecology. Bioscience. http://dx.doi.org/10.1093/biosci/bit027.

Dietrich, W.E., Dunne, T., 1993. The channel head. In: Beven, K.J., Kirkby, M.J. (Eds.),
Channel Network Hydrology. John Wiley and Sons, pp. 175–219.

Dodds, W.K., 1997. Distribution of runoff and rivers related to vegetative
characteristics, latitude, and slope: a global perspective. J. North Am. Benthol.
Soc. 16, 162–168.

Dodds, W.K., Oakes, R.M., 2006. Controls on nutrients across a prairie stream
watershed: land use and riparian cover effects. Environ. Manage. 37, 634–646.

Dodds, W.K., Oakes, R.M., 2008. Headwater influences on downstream water
quality. Environ. Manage. 41, 367–377.

Dodds, W.K., Blair, J.M., Henebry, G.M., Koelliker, J.K., Ramundo, R., Tate, C.M., 1996.
Nitrogen transport from tallgrass prairie watersheds. J. Environ. Qual. 25, 973–
981.

Dodds, W.K., Gido, K.B., Whiles, M.R., Fritz, K.M., Matthews, M.J., 2004. Life on the
edge: the ecology of Great Plains prairie streams. Bioscience 543, 205–216.

Fleckenstein, J.H., Niswonger, R.G., Fogg, G.E., 2006. River-aquifer interactions,
geologic heterogeneity, and low-flow management. Ground Water 44, 837–852.

Fritz, K.M., Dodds, W.K., 2005. Harshness: characterization of intermittent stream
habitat over space and time. Mar. Freshw. Res. 56, 13–23.

Gamble, J.L., Ebi, K.L., Sussman, F.G., Wilbanks, T.J., 2008. Analyses of the Effects of
Global Change on Human Health and Welfare and Human Systems. U.S.
Environmental Protection Agency, Washington, DC.

Godsey, S.E., Kirchner, J.W., 2014. Dynamic, discontinuous stream networks:
hydrologically driven variations in active drainage density, flowing channels,
and stream order. Hydrol. Process. http://dx.doi.org/10.1002/hyp.10310.

Gomi, T., Sidle, R.C., Richardson, J.S., 2002. Understanding processes and
downstream linkages of headwater systems. Bioscience 52, 905–916.

Goodin, D.G., Fay, P.A., McHugh, M.J., 2003. Climate variability in tallgrass prairie at
multiple timescales: Konza prairie biological station. In: Greenwood, D., Goodin,
D.G., Smith, R.C. (Eds.), Climate Variability and Ecosystem Response at Long-
Term Ecological Research Sites. Oxford University Press, New York.

Gray, L.J., Macpherson, G.L., Koelliker, J.K., Dodds, W.K., 1998. Hydrology and aquatic
chemistry. In: Knapp, A.K., Briggs, J.M., Hartnett, D.C., Collins, S.L. (Eds.),
Grassland Dynamics – Long-Term Ecological Research in Tallgrass Prairie.
Oxford University Press, New York, pp. 159–176.

Hack, J.T., Goodlett, J.C., 1960. Geomorphology and Forest Ecology of a Mountain
Region in the Central Appalachians. US Geological Survey Professional Paper
347.

Hayden, B., 1998. Regional climate and the distribution of tallgrass prairie. In:
Knapp, A.K., Briggs, J.M., Hartnett, D.C., Collins, S.L. (Eds.), Grassland Dynamics—
Long-Term Ecological Research in Tallgrass Prairie. Oxford University Press,
New York, pp. 19–34 (Chapter 2).

Hewlett, J.D., Hibbert, A.R., 1967. Factors affecting the response of small watersheds
to precipitation in humid areas. In: Sopper, W.E., Lull, H.W. (Eds.), Forest
Hydrology. Pergamon, New York, pp. 275–290.

Horton, R.E., 1945. Erosional development of streams and their drainage basins;
hydrophysical approach to quantitative morphology. Geol. Soc. Am. Bull. 56,
275–370.

Jaeger, K., Olden, J., 2012. Electrical resistance sensor arrays as a means to quantify
longitudinal connectivity of rivers. River Res. Appl. 28, 1843–1852.

Jaeger, K., Olden, J., Pelland, N., 2014. Climate change poised to threaten hydrologic
connectivity and endemic fishes in dryland streams. Proc. Natl. Acad. Sci. http://
dx.doi.org/10.1073/pnas.1320890111.

Jones, J.A., Perkins, R.M., 2010. Extreme flood sensitivity to snow and forest harvest,
western Cascades, Oregon, United States. Water Resour. Res. 46, W12512.
http://dx.doi.org/10.1029/2009WR008632.

Julian, J.P., Thomas, R.E., Moursi, S., Hoagland, B.W., Tarhule, A., 2012. Historical
variability and feedbacks among land cover, stream power, and channel
geometry along the lower Canadian River floodplain in Oklahoma. Earth Surf.
Proc. Land. 37, 449–458.

Knapp, A.K., Smith, M.D., 2001. Variation among biomes in temporal dynamics of
aboveground primary production. Science 291, 481–484.

Knapp, A.K., Fay, R.A., Blair, J.M., Collins, S.L., Smith, M.D., Carlisle, J.D., Harper, C.W.,
Danner, B.T., Lett, M.D., McCarron, J.K., 2002. Rainfall variability, carbon cycling,
and plant species diversity in a mesic grassland. Science 2985601, 2202–2205.
http://dx.doi.org/10.1126/science.1076347.

Knighton, A.D., Nanson, G.C., 2001. An event-based approach to the hydrology of
arid zone rivers in the channel country of Australia. J. Hydrol. 254, 102–123.

Lake, P., 2000. Disturbance, patchiness, and diversity in streams. J. North Am.
Benthol. Soc. 19, 573–592. http://dx.doi.org/10.2307/1468118.

Larned, S.T., Arscott, D.B., Schmidt, J., Dietrich, J.C., 2010a. A framework for
analyzing longitudinal and temporal variation in river flow and developing
flow-ecology relationships. J. Am. Water Resour. Assoc. 46, 541–553.

Larned, S.T., Datry, T., Arscott, D.B., Tockner, K., 2010b. Emerging concepts in
temporary-river ecology. Freshw. Biol. 55, 717–738.

Leopold, L.B., Wolman, M.G., Miller, J.P., 1964. Fluvial Processes in Geomorphology.
Freeman, San Francisco, California, USA.

Likens, G.E., Bormann, F.H., Pierce, R.S., Eaton, J.S., Johnson, N.M., 1977.
Biogeochemistry of a Forested Ecosystem. Springer-Verlag, New York.

MacDonald, L.H., Coe, D., 2007. Influence of headwater streams on downstream
reaches in forested areas. Forest Sci. 53, 148–168.
Macpherson, G.L., 1996. Hydrogeology of thin limestones—the Konza Prairie LTER
Site. J. Hydrol. 186, 191–228.

Macpherson, G.L., Sophocleous, M., 2004. Fast ground-water mixing and basal
recharge in an unconfined, alluvial aquifer, Konza LTER site, northeastern
Kansas. J. Hydrol. 286 (1–4), 271–299.

Magilligan, F.J., Nislow, K.H., 2005. Changes in hydrologic regimes by dams.
Geomorphology 71, 61–78.

Mandel, R., 2008. Buried Paleoindian-age landscapes in stream valleys of the Central
Plains, USA. Geomorphology 101, 342–361.

McCabe, G.J., Wolock, D.M., 2002. A step increase in streamflow in the conterminous
United States. Geophys. Res. Lett. 29 (24), 2185. http://dx.doi.org/10.1029/
2002GL015999.

McGuire, K.J., McDonnell, J.J., 2010. Hydrological connectivity of hillslopes and
streams: characteristic time scales and nonlinearities. Water Resour. Res. 46,
W10543. http://dx.doi.org/10.1029/2010WR009341.

McIntyre, R., Adams, M., Ford, D., Grierson, F., 2009. Rewetting and litter addition
influence mineralization and microbial communities in soils form a semi-arid
intermittent stream. Soil Biol. Biochem. 41, 92–101.

Milly, P.C.D., Dunne, K.A., Vecchia, A.V., 2005. Global patterns of trends in
streamflow and water availability in a changing climate. Nature 438, 347–
350. http://dx.doi.org/10.1038/nature04312.

Murdock, J.N., Gido, K.B., Dodds, W.K., Bertrand, K.R., Whiles, M.R., 2010. Consumer
return chronology alters recovery trajectory of stream ecosystem structure and
function following drought. Ecology 91, 1048–1062. http://dx.doi.org/10.1890/
08-2168.1.

Murdock, J.N., Dodds, W.K., Gido, K.B., Whiles, M.R., 2011. Dynamic influences of
nutrients and grazing fish on benthic algae during recovery from flood. J. North
Am. Benthol. Soc. 30, 331–345. http://dx.doi.org/10.1899/10-039.1.

Nadeau, T., Rains, M.C., 2007. Hydrological connectivity of headwaters to
downstream waters: introduction to the featured collection. J. Am. Water
Resour. Assoc. 43, 1–4.

Naiman, R.J., D’Ecamps, H., McClain, M.E., 2005. Riparian: Ecology, Conservation,
and Management of Streamside Communities. Elsevier Academic Press, San
Diego, California, USA.

Olden, J.D., Poff, N.L., 2003. Redundancy and the choice of hydrologic indices for
characterizing streamflow regimes. River Res. Appl. 19, 101–121.

Oviatt, C.G., 1998. Geomorphology of Konza Prairie. In: Grassland Dynamics: Long
Term Ecological Research in Tallgrass Prairie. Oxford University Press, pp. 35–
47.

Palmer, W.C., 1965. Meteorological Drought. Research Paper No. 45. U.S. Weather
Bureau, Washington, DC, 58p.

Perkins, R.M., Jones, J.A., 2008. Climate variability, snow and physiographic controls
on storm hydrographs in small forested basins, western Cascades, Oregon.
Hydrol. Process. 22, 4949–4964.

Perkin, J.S., Gido, K.B., Costigan, K.H., Daniels, M.D., Johnson, E., 2014. Fragmentation
and drying ratchet down Great Plains stream fish diversity. Aquat. Conserv.
http://dx.doi.org/10.1002/aqc.2501.

Poff, N.L., 1996. A hydrogeography of unregulated streams in the United States and
an examination of scale-dependence in some hydrological descriptors. Freshw.
Biol. 36, 71–91.

Ransom, M.D., Rice, C.W., Todd, T.C., Wehmueller, W.A., 1998. Soils and soil biota.
In: Knapp, A.K., Briggs, J.M., Hartnett, D.C., Collins, S.L. (Eds.), Grassland
Dynamics – Long-Term Ecological Research in Tallgrass Prairie. Oxford
University Press, New York, pp. 48–66.

Richter, B.D., Baumgartner, J.V., Powell, J., Braun, D.P., 1996. A method for assessing
hydrologic alteration within ecosystems. Conserv. Biol. 10, 1163–1174.

Samson, F., Knopf, F., 1994. Prairie conservation in North America. Bioscience 44,
418–421.

Sayama, T., McDonnell, J.J., Dhakal, A., Sullivan, K., 2011. How much water can a
watershed store? Hydrol. Process. 25, 3899–3908.

Schriever, T.A., Bogan, M.T., Boersma, K.S., Cañedo-Argüelles, M., Jaeger, K.L., Olden,
J.D., Lytle, D.A., 2014. Hydrology shapes taxonomic and functional structure of
desert stream invertebrate communities. Freshwater Sci.

Schumm, S.A., Lichty, R.W., 1963. Channel Widening and Flood-Plain Construction
Along Cimarron River in Southwestern Kansas, Geological Survey Professional
Paper 352-D. US Geological Survey, Washington, DC, 18 pp..

Searcy, J.K., Hardison, C.H., 1960. Double-mass curves. In: Manual of Hydrology:
Part 1, General Surface Water Techniques. U.S. Geol. Surv., Water-Supply Pap.,
1541-B, Washington, D.C., pp. 31–59.

Shook, K., Pomeroy, J., 2012. Changes in the hydrological character of rainfall on the
Canadian prairies. Hydrol. Process. 26, 1752–1766.

Snelder, T.H., Datry, T., Lamouroux, N., Larned, S.T., Sauquet, E., Pella, H., Catalogne,
C., 2013. Regionalization of patterns of flow intermittence from gauging station
records. Hydrol. Earth Syst. Sci. Discuss. 10, 1511–1551.

Steward, D.R., Yang, X., Lauwo, S.Y., Staggenborg, S.A., Macpherson, G.L., Welch, S.,
2011. From precipitation to groundwater baseflow in a native prairie
ecosystem: a regional study of the Konza LTER in the Flint Hills of Kansas,
USA. Hydrol. Earth Syst. Sci. Discuss. 8, 4195–4228.

Tsypin, M., Macpherson, G.L., 2013. The effect of precipitation events on inorganic
carbon in soil and shallow groundwater, Konza Prairie LTER Site, NE Kansas,
USA. Appl. Geochem. 2712, 2356–2369.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R., Cushing, C.E., 1980. The
river continuum concept. Can. J. Fish. Aquat. Sci. 37, 130–137.

Veach, A.M., Dodds, W.K., Skibbe, A., 2014. Fire and grazing influences on rates of
riparian woody plant expansion along grassland streams. PLoS ONE 9 (9),
e106922.

http://refhub.elsevier.com/S0022-1694(14)01042-7/h0055
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0055
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0060
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0060
http://dx.doi.org/10.1093/biosci/bit027
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0070
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0070
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0075
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0075
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0075
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0080
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0080
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0085
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0085
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0095
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0095
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0095
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0100
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0100
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0110
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0110
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0115
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0115
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0120
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0120
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0120
http://dx.doi.org/10.1002/hyp.10310
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0130
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0130
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0135
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0135
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0135
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0135
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0140
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0140
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0140
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0140
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0150
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0150
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0150
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0150
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0155
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0155
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0155
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0160
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0160
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0160
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0165
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0165
http://dx.doi.org/10.1073/pnas.1320890111
http://dx.doi.org/10.1073/pnas.1320890111
http://dx.doi.org/10.1029/2009WR008632
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0180
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0180
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0180
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0180
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0185
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0185
http://dx.doi.org/10.1126/science.1076347
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0195
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0195
http://dx.doi.org/10.2307/1468118
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0210
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0210
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0210
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0215
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0215
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0220
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0220
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0225
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0225
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0230
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0230
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0235
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0235
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0240
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0240
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0240
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0245
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0245
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0250
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0250
http://dx.doi.org/10.1029/2002GL015999
http://dx.doi.org/10.1029/2002GL015999
http://dx.doi.org/10.1029/2010WR009341
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0265
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0265
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0265
http://dx.doi.org/10.1038/nature04312
http://dx.doi.org/10.1890/08-2168.1
http://dx.doi.org/10.1890/08-2168.1
http://dx.doi.org/10.1899/10-039.1
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0285
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0285
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0285
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0290
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0290
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0290
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0295
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0295
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0300
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0300
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0300
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0310
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0310
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0310
http://dx.doi.org/10.1002/aqc.2501
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0315
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0315
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0315
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0320
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0320
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0320
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0320
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0325
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0325
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0330
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0330
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0340
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0340
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0345
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0345
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0345
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0350
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0350
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0350
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0360
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0360
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0365
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0365
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0365
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0370
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0370
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0370
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0370
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0380
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0380
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0380
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0385
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0385
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0390
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0390
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0390


316 K.H. Costigan et al. / Journal of Hydrology 522 (2015) 305–316
Wine, M.K., Zuo, C.B., 2012. Long-term streamflow relations with riparian gallery
forest expansion into tallgrass prairie in the Southern Great Plains, USA. For.
Ecol. Manage. 266, 170–179.

Zégre, N.P., 2009. Local and Downstream Effects of Contemporary Forest Harvesting
on Streamflow and Sediment Yield. Ph.D. Thesis. Oreg. State Univ., Corvallis.
Zhang, Z.B., Zhou, H., Zhao, Q.G., Lin, H., Peng, X., 2013. Characteristics of cracks in
two paddy soils and their impacts on preferential flow. Geoderma. http://
dx.doi.org/10.1016/j.geoderma.2013.07.026, ISSN 0016-7061 (available online
22 August 2013).

http://refhub.elsevier.com/S0022-1694(14)01042-7/h0400
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0400
http://refhub.elsevier.com/S0022-1694(14)01042-7/h0400
http://dx.doi.org/10.1016/j.geoderma.2013.07.026
http://dx.doi.org/10.1016/j.geoderma.2013.07.026

	Fundamental spatial and temporal disconnections in the hydrology  of an intermittent prairie headwater network
	1 Introduction
	2 Material and methods
	2.1 Study site
	2.2 Data
	2.3 Data analysis

	3 Results
	3.1 Flow intermittency
	3.2 Annual flows
	3.3 Flood flows
	3.4 Trends and change points for hydro-climatic series

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


