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ABSTRACT

Small streams dominate river networks and collectively support high biodiversity, but are rarely included in regulatory biomoni-
toring programmes. Macroinvertebrate communities are effective biomonitors of ecological condition and are routinely collected
using 3-min ‘kick’ samples. However, this 3-min duration may not be suitable for small streams, which typically support fewer
taxa at lower densities than larger rivers of equivalent condition. We evaluated the kick-sampling method at 30 sites representing
a national small stream monitoring network. At each site, we collected three 5-min kick samples in 10 0.5-min component parts.
We used the families collected in 15min to represent ‘total’ site-scale taxonomic richness, then determined the duration needed
to sample > 65% of these taxa (a method and target comparable to those used in larger rivers). We also determined the sampling
duration at which an average score per taxon (ASPT) biomonitoring index stabilized. Considering all streams, on average, 2.5-
min durations captured > 65% of taxa, but 3.5 min was required to reach this target in temporary streams, because numerous taxa
occurred at low abundance. Only 54% of samples contained >65% of taxa after 2.5min, compared to 70% after 3 min. In most
streams, the ASPT stabilized after 2min, whereas 3 min was required to meet this target in temporary streams. Considering the
variation around any estimate of capture rates introduced by natural variability, taxonomic resolution and operator error, we
suggest 3min as the most robust sampling duration to enable condition monitoring in individual small streams and comparison
with larger rivers.

be first-order to third-order streams. These small streams domi-
nate the global river network length (Downing et al. 2012; Smith
and Lyle 1979), collectively support high biodiversity (Callanan,
Baars, and Kelly-Quinn 2014; Finn et al. 2011) including rare and

1 | Introduction

Small streams are variously defined based on stream order
(Kelly-Quinn et al. 2024; Minshall et al. 1983), distance from

the source (Furse and Symes 1997), stream size (Biggs, von
Fumetti, and Kelly-Quinn 2017) and upstream catchment area
(European Commission 2000), and are commonly considered to

specialist species (Aspin and House 2022; Kabir et al. 2024), and
influence catchment-wide ecosystem functioning (Alexander
et al. 2007; Datry et al. 2023). Small streams are closely linked
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to their riparian zones and wider catchments, are thus vulnera-
ble to anthropogenic pressures (Biggs, von Fumetti, and Kelly-
Quinn 2017; Riley et al. 2018), and can transfer the ecological
impacts of local pressures to downstream waters (Alexander
et al. 2007; Datry et al. 2023).

Despite their vulnerability to human pressures, small streams
generally fall outside the scope of legislation such as the EU
Water Framework Directive (WFD, which excludes streams
with catchments < 10km?; European Commission 2000). As
a result, few are included in national networks designed to
monitor river condition (considered herein as comparable to
health, quality or status), and thus few long-term monitoring
data document the condition of small streams (but see e.g.,
Baattrup-Pedersen et al. 2018; Dunbar et al. 2010). To improve
understanding and effective management of small streams,
ambitious new monitoring networks are needed (e.g., Kelly-
Quinn et al. 2024; von Gonner et al. 2024). In England, the
Environment Agency (the statutory regulator) has designed
the Small Streams Network (SSN) to enable condition mon-
itoring across sites representing England's small stream re-
source (Defra 2022).

Biomonitoring of SSN sites encompasses standard biotic
groups including macroinvertebrates, which are ubiquitous,
abundant and diverse in freshwater ecosystems, and have
highly variable taxon-specific environmental tolerances, mak-
ing them effective biomonitors (Gibbs, Cook, and Kulp 2023;
Rosenberg and Resh 1993). Macroinvertebrate communities
are routinely sampled from UK and other river ecosystems
using the RIVPACS method of a 3-min ‘kick’ sample supple-
mented by a 1-min manual search (hereafter, kick sampling;
Haase et al. 2004; Murray-Bligh and Griffiths 2022). Such sam-
ples capture a limited proportion of taxa; Furse et al. (1981)
estimated a mean of 62% of the families present per 3-min
sample. Such a proportion is sufficient to estimate ecologi-
cal condition, including in WFD status assessments (Feeley
et al. 2020; Majaneva et al. 2024). However, the proportion of
the macroinvertebrate community captured by kick sampling
has primarily been evaluated in mid-order rivers (i.e., Furse
et al. 1981; but see e.g., Feeley et al. 2012).

Macroinvertebrate communities in small streams typically
comprise fewer taxa than those in mid-order rivers of equiv-
alent condition (Minshall, Petersen Jr, and Nimz 1985; Paller,
Specht, and Dyer 2006), likely because many such streams are
in isolated headwaters which experience more frequent dis-
turbance by drying (Messager et al. 2021) as well as flooding
(Scott et al. 2019), but have relatively slow post-disturbance
recolonization rates (Clarke et al. 2008). As such, 3-min sam-
ples could capture a higher proportion of the taxa present in
small streams, leading to overestimation of richness relative to
larger, downstream reaches of equivalent condition. Equally,
small streams including temporary headwaters (which some-
times dry out) may support communities in which many taxa
occur at lower densities than in larger, perennial rivers, re-
ducing capture rates and thus richness estimates (Arscott,
Tockner, and Ward 2005; Aspin and House 2022). In either
case, a 3-min kick-sampling duration could hamper robust es-
timation of condition in small streams and comparison with
larger rivers.

We evaluated the performance of the kick-sampling method at
sites representing spatial variability in habitat characteristics,
and thus macroinvertebrate communities, in England's SSN.
At each site, we collected three replicate 5-min kick samples
in 10 0.5-min component parts, which enabled estimation of
total site-scale taxa richness and thus quantification of how
the number and percentage of captured taxa and associated
biomonitoring metrics varied with sampling duration. Our
aim was to inform the development of the kick-sampling
method for use in small stream networks, and to aid inter-
pretation of the macroinvertebrate assemblage data collected
therein.

2 | Methods
2.1 | Site Selection

The SSN comprises 1280 sites across England, UK. Its up-
stream limit is defined by a catchment area of 0.4km? and
the downstream limit is defined, using an administrative cri-
terion, as the upper limit of the Environment Agency's main
river biomonitoring network. The SSN excludes artificial wa-
tercourses such as ditches and culverted stretches, as well as
ephemeral (i.e., flashy, rainfed temporary) streams. We se-
lected 26 SSN sites for which the Environment Agency had
completed a preliminary survey and risk assessment. Small
streams fed by the chalk aquifer are excluded from the SSN
because they are included in England’s main river biomonitor-
ing network. Therefore, to evaluate the kick-sampling method
across the national small stream resource including its chalk
streams, we also selected three small chalk stream sites. Of
the 29 sites, two were dry when visited. As such, we collected
samples at 27 sites, including 24 SSN sites and 3 chalk stream
sites (Table S1).

Sites spanned the English Midlands, northern England and
East Anglia, but excluded southern England because of re-
source constraints (Figure 1). Collectively, sites represented
the range of core abiotic characteristics (i.e., width, altitude
and alkalinity) in England'’s small streams (Figures S1 and S2).
Based on the Environment Agency data used to inform site
selection, widths ranged from 0.3 to 6.2m (mean +standard
deviation [SD], 1.4+1.3m), alkalinity from 19 to 282mgL™!
CaCO, (162+77mgL™") and altitudes from 4 to 347m.a.s.l.
(123+101m.a.s.l.; Table S1). Sites were exposed to a range of
human pressure types and intensities, spanning least-disturbed
upland sites to lowland sites impacted by agricultural land uses,
but excluding urban streams.

A fourth core abiotic characteristic—flow permanence (i.e., pe-
rennial or temporary)—was unknown for SSN sites at the time
of sampling. Six of 24 SSN sites were subsequently recorded as
dry during at least one monthly Environment Agency site visit
between April and September 2023 and were thus classified as
temporary (Table S1). Of the remaining 18 SSN sites, 13 were wet
(flowing or ponded) during all monthly visits and were classified
as perennial, and no observations were made at five sites. Based
on long-term flow permanence data (e.g., Sefton et al. 2019), one
chalk stream site is perennial, one is near-perennial (i.e., drying
during drought) and one is temporary (Table S1).
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FIGURE 1 | Locations of the 27 macroinvertebrate sampling sites
within England. [Color figure can be viewed at wileyonlinelibrary.com]

2.2 | Field Methods

We visited each site once in March-April 2023. This spring-
season sampling campaign maximized the likelihood of
characterizing stable communities present after long flow-
ing phases at temporary sites. At each site, we collected kick
samples following Murray-Bligh and Griffiths (2022), but with
each of three replicate 5-min samples collected in 10 0.5-min
component parts. The replicate samples characterized within-
site variability in macroinvertebrate assemblages and their
combined 15-min duration enabled estimation of each site's
‘total’ taxa richness. The 10 0.5-min parts generated sufficient
data points to characterize taxa accumulation in relation to
sampling duration. We sampled habitats in proportion to their
occurrence for each sample, not each of its component parts.
Two operators collected all samples, with each collecting all
parts for two of three replicate samples at half the sites, to
enable analysis of inter-operator variability (Davy-Bowker
et al. 2008). We recorded water width in association with each

sample. Samples were preserved in 70% industrial methylated
spirits.

2.3 | Laboratory Methods

Samples were processed to remove macroinvertebrates and all
processed material was checked by a second person. We iden-
tified aquatic macroinvertebrate taxa to family level, except
for Oligochaeta, which we identified as such. We also identi-
fied certain semi-aquatic and/or river-associated taxa to family
(Table S2). We counted each taxon represented by a few indi-
viduals and estimated the abundance of taxa present at higher
densities.

2.4 | Data Analysis

All analyses were done in R version 4.2.3 (R Core Team 2023).

2.4.1 | Calculation of Metrics Representing
Macroinvertebrate Assemblages

We used WHPT-scoring taxa (hereafter, NTAXA, WHPT
being a UK biomonitoring index indicative of organic pollution
and general environmental degradation; Paisley, Trigg, and
Walley 2014) to calculate two biotic metrics to represent the
macroinvertebrate assemblage at each site (n=27), in each rep-
licate sample (n=81) and in each sample's 10 component parts
(n=810): the number of NTAXA (#NTAXA, termed WHPT
NTAXA in WFD-UKTAG 2021), and the WHPT-ASPT (average
score per taxon) based on ‘present-only’ taxon scores (Paisley,
Trigg, and Walley 2014), because abundance-related scores
are based on 3-min sampling durations. #NTAXA and WHPT-
ASPT are the two metrics used to assess ecological status in
UK rivers (WFD-UKTAG 2021). In calculating #NTAXA, we
used all WHPT composite taxa (i.e., Limoniidae and Pediciidae
within Tipulidae; Paisley, Trigg, and Walley 2014) and included
Helophoridae within the Hydrophilidae, as per standard UK
regulatory practice.

Total and taxon-specific invertebrate densities influence the
sampling effort needed to capture a given proportion of the taxa
present and thus to robustly assess ecological condition, with
greater effort being required where more taxa are present at low
densities (Getachew et al. 2022). To investigate this influence, we
calculated three additional biotic metrics (based on NTAXA):
abundance (i.e., the number of individual macroinvertebrates
counted or estimated per sample), and the number and propor-
tion of singleton and doubleton taxa (i.e., taxa represented by 1
or 2 individuals per sample, respectively).

2.4.2 | The Number and Percentage of NTAXA

We used Furse et al. (1981) as a benchmark to determine the
kick-sampling duration that captures a comparable percent-
age of taxa from small streams as is collected in 3min in larger
rivers. Comparison with other studies investigating kick-
sampling durations was inappropriate due to factors including
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the taxonomic identification level (i.e., species/genus in Bradley
and Ormerod 2002 and Mykrd, Ruokonen, and Muotka 2006)
and method of estimating total richness (e.g., Feeley et al. 2012;
Mackey, Cooling, and Berrie 1984).

Furse et al. (1981) estimated that, in larger (i.e., mid-order)
rivers, a 3-min kick sample captured 62% of the families pres-
ent. To produce this estimate, Furse et al. (1981) sampled for
18 min per site in six 3-min samples and took the taxa captured
during the 18-min sampling duration to represent 100% of the
taxa present. Similarly, we used the taxa within all three repli-
cate samples (i.e., in 15min) to represent the total taxa at a site.
Furse et al. (1981) estimated that approximately 3% of families
were caught in minutes 15-18. Therefore, to compensate for our
shorter, 15-min total sampling duration (and thus our lower es-
timates of total taxa and thus higher percentage of taxa captured
per unit time), we set 65% (i.e., Furse et al.'s 62% +3%) as our
target percentage of macroinvertebrate families to capture in a
kick sample.

To promote the application of our findings to regulatory
biomonitoring, we used NTAXA including Chironomidae
and Oligochaeta. In contrast, Furse et al. (1981) identified
Oligochaeta to family, recording five such families, and iden-
tified Chironomidae to subfamily or tribe, including six such
taxa in their otherwise family-level analyses. To compensate for
our coarser identification of Chironomidae and Oligochaeta, we
treated our 65% target as a minimum. Furse et al.'s (1981) data-
set is unpublished, preventing further investigation and mitiga-
tion of this difference between the two studies.

For each of the three replicate 5-min samples collected at each
site, we calculated the #NTAXA and the percentage of the
total (15-min) #NTAXA (hereafter, #NTAXA) captured after
each cumulative 0.5-min sampling duration (i.e., including
the NTAXA in a component part and all preceding parts). We
estimated #NTAXA and %NTAXA for each cumulative dura-
tion using 100 random permutations of the component parts
of each replicate sample, using the function specaccum in the
R package vegan version 2.6-4 (Oksanen et al. 2022). This
analysis enabled determination of the duration at which the
mean %NTAXA reached the>65% target. To determine if the
%NTAXA differed between this target duration and other du-
rations, we ran linear mixed-effects models (LMM) using the
function Ime in the R package nlme version 3.1-159 (Pinheiro
et al. 2023) with duration as a fixed factor and the cumulative
%NTAXA as a response variable. We included replicate sam-
ples nested within the site as a random factor, to account for
the non-independence of samples from each site. We used the
r.squaredGLMM function in the R package MuMIn version
1.48.4 (Barton 2024) to calculate R? statistics describing the
variance explained by the fixed factor (marginal R R*M) and
by both the fixed and random factors (conditional R?; R2C).
We removed one site for which variation in #NTAXA among
replicates (see Appendix S1) compromised model performance,
retaining 26 sites in the LMM.

We repeated the NTAXA analyses for subsets of sites with dif-
ferent core abiotic characteristics (i.e., width, altitude and flow
permanence—but not alkalinity, which preliminary analyses in-
dicated as redundant). For width, we investigated patterns in the

narrowest streams by analysing sites with a mean width <1m,
as measured during the sampling campaign (n=11). For alti-
tude, we analysed subsets of sites at a relatively high (>100m,
n=14) and low (< 100m, n=13) altitude. For flow permanence,
we analysed sites with perennial (n=14) and temporary (n=7)
flow. For each subset, we ran LMM as described for the all-site
dataset, removing the same highly variable sample from the
low-altitude (n=12) and temporary (n = 6) subsets.

To quantify variation in sampled assemblages introduced by
differences between operators, we ran LMM with operator (A,
B) as a fixed factor, site as a random factor and the cumulative
#NTAXA as a response variable, and calculated R? statistics as
described above. Results are presented in Appendix S2.

2.4.3 | WHPT Average Score per Taxon

We calculated WHPT-ASPT in the R package biomonitoR ver-
sion 0.9.3 (Laini et al. 2022). To avoid loss of information, we
renamed two families which are not in the taxonomic database
underpinning biomonitoR (Schmidt-Kloiber and Hering 2015)
as families which have the same WHPT scores but which were
absent from the dataset.

To identify the sampling duration at which WHPT-ASPT sta-
bilized, we calculated the median WHPT-ASPT after each cu-
mulative 0.5-min duration based on 100 random permutations
of their order. We expected variation (as SD) to decrease as du-
ration (and therefore the #NTAXA) increased, with each addi-
tional taxon reducing the influence of each taxon present on the
WHPT-ASPT value. We calculated the mean + SD of the WHPT-
ASPT median values for each cumulative duration across all
sites. We then identified the duration at which the mean and SD
were both<0.1 from the final (5-min) mean and SD. This 0.1
value is arbitrary but is likely to be conservative enough to avoid
misinterpretation of ecological condition.

We also calculated the sampling duration at which the mean
WHPT-ASPT stabilized in the narrow stream, high and low-
altitude stream, and perennial and temporary stream subsets.

2.4.4 | Differences Between Stream Types

To determine if sampling duration altered characterization of
assemblages in small streams with different core abiotic char-
acteristics (i.e., width, altitude and flow permanence), we cal-
culated the five biotic metrics (i.e., #NTAXA, WHPT-ASPT,
abundance, and the number and proportion of singleton and
doubleton taxa) after each of three durations (2.5min, which
was the duration taken to reach the target of >65% NTAXA;
3min, the standard duration; and 5min, the maximum du-
ration). For each duration, we modelled the response of each
biotic metric to width (continuous, as measured during the
sampling campaign), altitude (continuous) or flow permanence
(categorical: perennial, temporary). For width, we used LMM
with site as a random factor (n =81). For altitude, we ran linear
models (LM) because the predictor variable was the same for all
replicates at a site (n=81). For flow permanence, we used LM
and accounted for the unbalanced sampling design (i.e., n =42
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and n=21 for the 14 perennial and seven temporary sites, re-
spectively; Table S1) by comparing metric values at the seven
temporary sites with seven randomly selected perennial sites,
with 100 iterations; reported p values are the mean of these iter-
ations. We calculated R*M and R?C for the width LMM and R?
for the altitude LM.

3 | Results

In total, we recorded 158,833 invertebrates (meanz=+SD
1955+1422, range 114-4967 individuals per sample) from 94
taxa (24+7, 5-39 taxa per sample)—comprising 82 WHPT-
scoring aquatic taxa (including two composite taxa of five fami-
lies), seven non-WHPT-scoring semi-aquatic or river-associated
families, and two non-WHPT-scoring aquatic families—in 81
replicate 5-min samples from 27 sites (Table S2). WHPT-ASPT
ranged from 3.22-7.07 (5.54 £1.09) in 5-min samples. The num-
ber of singletons and doubletons ranged from 3 to 10 (6.7 +1.86)
taxa per 5-min sample, which accounted for 0.31+0.10
(0.17-0.55) of #NTAXA.

3.1 | The Number and Percentage of NTAXA

The mean=+SD %NTAXA (and #NTAXA) per sample increased
from 38%+8.8% (12+4.5 taxa) after 0.5min to 78% +11%
(23+7.4 taxa) after 5min (Figure 2, Table 1). On average, the
percentage captured reached the >65% target after 2.5min,
but there was considerable variation around this mean
(65.2% +10.2% NTAXA; Figure 2b): a minimum of 1 min and a
maximum of>5min were required to capture>65% NTAXA.
In total, 54.3% of samples contained 65% NTAXA after 2.5min,
increasing to 70.4% of samples after 3 min.

Considering the site subsets, the > 65% target was also reached
after 2.5min in high-altitude and perennial streams (Table A1).
In narrow and low-altitude streams, the %NTAXA captured
was slightly < 65% after 2.5min, and 3-min samples reached the
target. In temporary streams, it took 3.5min to capture>65%
NTAXA, due to a high number and proportion of singleton and
doubleton taxa in one sample (see Appendix SI).

05 115 2 25 3 35 4 45 5
Sampling duration (minutes)

Considering all sites, the %#NTAXA captured after 2.5min
(LMM estimate 66.1%, 95% confidence intervals [CI] 63.8%-
68.5%) differed from that captured after all other sampling du-
rations, including 2min (estimated 3.9% lower %NTAXA, 1.2
fewer #NTAXA, and Cl 60.0%-64.7%) and 3min (3.2% higher
%NTAXA, 1.0 more #NTAXA, and Cl 67.0%-71.7%; LMM,
p<0.001; Table 2); subset results are shown Table A2. Sampling
duration explained far more variance in %TAXA than the ran-
dom factor (i.e., sample nested within site), both for all sites and
for each site subset (R?M =0.663-0.696, R>?C =0.962-0.976).

3.2 | WHPT Average Score per Taxon

The mean=+SD of the median WHPT-ASPT increased from
5.22+0.32 after 0.5min to 5.54+1.09 after 5min (Figure 3), sta-
bilizing (i.e., the mean and SD falling to <0.1 from their 5-min
values, 5.44 and 1.14) after 2min. Considering all sites, WHPT-
ASPT stabilized after a minimum of 0.5min (in 20 samples from
15 sites) and a maximum of 4.5min (in 1 sample). Results were
largely comparable for the site subsets, except WHPT-ASPT sta-
bilized after 3min at temporary sites (see Appendix S1).

3.3 | Differences Between Stream Types

Water width did not affect any metric after any sampling du-
ration (LMM: #NTAXA, R?M<0.004, R?C=0.869-0.902,
p=0.363-0.521, Figure 4a; WHPT-ASPT, R>M <0.004,
R>C=0.967-0.978, p=0.133-0.311, Figure 4b; abundance,
R>M <0.015, R*C =0.672-0.796, p=0.270-0.515, Figure 4c; num-
ber of singletons and doubletons, R?M <0.016, R?*C =0.171-0.231,
p=0.305-0.599, Figure 4d; proportion of singletons and double-
tons, R?M £0.022, R?C =0.159-0.448, p=0.218-0.645).

A weak positive relationship between altitude and #NTAXA
increased in strength and significance as sampling dura-
tion increased from 2.5min (LM, R?=0.077, p=0.012) to
3min (R?=0.083, p=0.009) then 5min (R?=0.091, p=0.006;
Figure 5a). This relationship may reflect the low #NTAXA at
lowlandsitesin poorer ecological condition, butwelack the data
to substantiate this suggestion. A positive relationship between

. (b) 100
751
<
X
< .
E 50},
e
X
25{%["

05115 2 25 3 35 4 45 5
Sampling duration (minutes)

FIGURE 2 | The (a) number of WHPT-scoring taxa (#NTAXA) and (b) percentage of the total (i.e., 15-min) number of WHPT-scoring taxa
(%NTAXA) captured after each cumulative 0.5-min sampling duration in 5-min kick samples (n =81). The dashed line on (b) represents the > 65%

target. In each box, the horizontal line is the median, the box area indicates the first and third quartiles, and whiskers represent 95% confidence in-

tervals. Points are jittered to aid visualization. [Color figure can be viewed at wileyonlinelibrary.com|
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TABLE 1 | Mean and standard deviation (SD) number and
percentage of WHPT-scoring taxa (#NTAXA, #NTAXA) captured after
each cumulative 0.5-min sampling duration. Percentages are in relation
to the total (i.e., 15-min) #NTAXA captured at each site.

#NTAXA %NTAXA
Duration (min) Mean SD Mean SD
0-0.5 11.5 4.5 37.7 8.8
0.5-1 15.0 5.5 49.3 9.8
1-1.5 17.1 6.0 56.3 10.1
1.5-2 18.6 6.3 61.3 10.1
2-2.5 19.7 6.5 65.2 10.2
2.5-3 20.6 6.8 68.4 10.2
3-3.5 21.4 7.0 71.1 10.2
3.5-4 22.1 7.1 73.6 10.3
4-4.5 22.8 7.3 75.7 10.5
4.5-5 23.3 7.4 77.6 10.6

TABLE 2 | Linear mixed-effects model results comparing the
estimated number and percentage of WHPT-scoring taxa (#NTAXA,
%NTAXA) captured after each cumulative 0.5-min sampling duration
with the 2.5-min target duration required to capture>65% NTAXA
(highlighted).

#NTAXA %NTAXA

Duration

(min) Estimate P Estimate P
0-0.5 -8.4 <0.001 —28 <0.001
0.5-1 -4.8 <0.001 —-15.8 <0.001
1-1.5 2.7 <0.001 -8.8 <0.001
1.5-2 -1.2 <0.001 -39 <0.001
2-2.5 20.1 <0.001 66.1 <0.001
2.5-3 +1.0 <0.001 +3.2 <0.001
3-3.5 +1.8 <0.001 +5.9 <0.001
3.5-4 +2.5 <0.001 +8.3 <0.001
4-4.5 +3.1 <0.001 +10.4 <0.001
4.5-5 +3.6 <0.001 +12.3 <0.001

WHPT-ASPT and altitude was moderate (R>=0.365-0.374)
and significant (p<0.001) after all durations (Figure 5b).
Abundance was highly variable at altitudes<200m.a.s.l.
and was consistently low at altitudes>250m.a.s.1., resulting
in a weak negative relationship that became significant and
increased in strength with sampling duration (R?=0.047,
0.052 and 0.059, and p=0.052, 0.041 and 0.030, after 2.5, 3
and 5min, respectively; Figure 5c). Consistent with the in-
crease in #NTAXA, the number of singletons and doubletons
increased with altitude after all durations (p =<0.001-0.009;
Figure 5d), this relationship becoming weaker with duration

WHPT-ASPT
[$,]
o

5.0

05 10 15 20 25 30 35 40 45 50
Sampling duration (minutes)
FIGURE 3 | Change in the mean of the median cumulative WHPT-
ASPT over the 5-min sampling duration, based on 100 permutations

of their order. Vertical bars represent the difference between the mean
WHPT-ASPT at that duration and the WHPT-ASPT value at 5min.

(R*=0.15, 0.12 and 0.08 after 2.5, 3 and 5min, respectively).
The proportion of these taxa became increasingly compara-
ble across the altitude gradient as duration increased from
2.5min (p=0.370) to 5min (p=0.975).

Flow permanence had no significant effect on any metric
(p=0.182-0.508), but #NTAXA and WHPT-ASPT, in par-
ticular, were moderately higher at perennial compared with
temporary sites (Figure 6), for all sampling durations. The
#NTAXA was 4.6 taxa higher at perennial than temporary
sites after 2.5min, increasing to 4.9 taxa higher after 5min
(Figure 6a). Accordingly, the number of singletons and dou-
bletons was 0.26-0.91 higher at perennial sites (Figure 6d)
but did not change with sampling duration. The proportion
of singletons and doubletons was comparable across site types
and durations. WHPT-ASPT was 1.10 higher at perennial
sites after 2.5min, decreasing to 1.03 after 5min (Figure 6b).
Whereas WHPT-ASPT remained stable at 5.7+1.1 at 2.5-5-
min durations at perennial sites, it increased from 4.5+0.6
after 2.5min to 4.7+0.6 after 5min at temporary sites.
Abundance was 387 individuals per sample higher at peren-
nial sites after 2.5- and 3-min durations, increasing to 628 in-
dividuals per sample after 5min (Figure 6c).

4 | Discussion

Integrating small streams into biomonitoring programmes
is crucial to generate holistic catchment-scale understanding
of river condition. Biomonitoring programmes routinely col-
lect macroinvertebrate assemblages using 3-min kick samples
(Friberg et al. 2006; Murray-Bligh and Griffiths 2022) which,
in larger, mid-order rivers, are estimated to capture 62% of the
taxa present—sufficient to indicate condition (Furse et al. 1981;
WFD-UKTAG 2008). However, the extent to which assemblages
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FIGURE4 | Relationships between biotic metrics based on WHPT-scoring taxa and water widths: the (a) number of taxa #NTAXA), (b) WHPT-
ASPT (average score per taxon), (c) total abundance and (d) number of singletons and doubletons, in each replicate 5-min kick sample (n = 81).

collected using this method provide comparable representation
of small stream communities has not previously been investi-
gated, and systematic differences in capture rates could alter
conclusions regarding condition, hampering holistic, river-scale
and catchment-scale assessments.

We kick sampled sites representing England's SSN, using Furse
et al.'s (1981) capture rates as a benchmark. Considering all
sites, sampling for 2.5min captured a comparable percentage of
WHPT-scoring taxa (NTAXA) to that sampled from larger river
sitesin 3 min (Furse etal. 1981),and WHPT-ASPT stabilized after
2min. Considering sites with different characteristics—namely
narrow widths, high and low altitudes, and perennial and tem-
porary flow permanence—we observed one notable deviation
from this pattern: it took 3.5min to capture >65% NTAXA and
3min for WHPT-ASPT to stabilize at sites with temporary flow
regimes. Below, we argue that these results—alongside the con-
siderable variability in estimated capture rates and the value of
aligning with methods used in larger rivers—suggest 3-min kick
samples as appropriate in small stream biomonitoring.

4.1 | Three Minutes: The Best Duration to
Characterize Small Stream Condition?

Considering all sites, kick sampling for 2.5 min captured a com-
parable mean %$NTAXA as was sampled in 3min in larger rivers

by Furse et al. (1981), while WHPT-ASPT stabilized after 2min.
These results might suggest 2.5min as the ideal kick-sampling
duration in small streams. However, Furse et al.'s (1981) in-
clusion of Chironomidae and Oligochaeta at lower taxonomic
levels than we achieved means that our 65% is the minimum
value in a target range, and the 68% we captured after 3min
could also match Furse et al.'s (1981) findings, depending on
the richness within these two ubiquitous taxa. In addition, only
54% of samples contained >65% NTAXA after 2.5min, com-
pared to 70% after 3min. Given that taxa richness and densi-
ties can be lower in small streams compared with mid-order
and larger rivers (Clarke et al. 2008; Minshall, Petersen Jr, and
Nimz 1985; Paller, Specht, and Dyer 2006), a 3-min duration
would also promote capture of sufficient NTAXA to confi-
dently assess condition. Moreover, adopting a 3-min duration
would facilitate integration of new small stream biomonitor-
ing programmes into existing river monitoring networks and
associated analytical models, enabling holistic, river-wide and
catchment-wide comparisons of condition. Thus, we suggest
that a 3-min duration can effectively represent small stream as-
semblages and enable comparable assessment of their condition
to that achieved in larger rivers.

Considerable variation around any estimate of capture rates
is inevitable, due to natural spatial and temporal variabil-
ity in macroinvertebrate communities as well as error intro-
duced by operators and procedures. Evidencing considerable
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spatial variability in macroinvertebrate communities (and
thus sampling efficiency), we captured >65% NTAXA in as
little as 1 min, and more often, <65% NTAXA were recorded
after 5min. Similarly, Feeley et al. (2012) required a mean of
five (range 3-7) 1-min kick samples to capture>70% of the
taxa present in small headwater streams. Spatial variability
in macroinvertebrate communities may reflect the high hab-
itat heterogeneity of small stream sites (Clarke et al. 2008)
and, in the case of headwaters, their isolation (Sarremejane
et al. 2017). Characterizing temporal variation was beyond our
scope: our findings are specific to spring-season communities.
In terms of seasonal variability, Feeley et al. (2012) found that
the kick-sampling effort needed to capture>70% of taxa was
comparable in spring and summer, suggesting that—although
#NTAXA varies among seasons (Davy-Bowker et al. 2008)—
seasonal variation in the percentage captured may be limited.
Equally, we do not envisage significant interannual variation
in the percentage captured.

Variability is also introduced by operators and procedures
(Clarke et al. 2002). We quantified variation in the #NTAXA col-
lected by the two field operators, which was non-significant but
increased over time, potentially reflecting differences in opera-
tor fatigue (Feeley et al. 2012). These results suggest that, across
river types, shorter (i.e., 2.5-3-min) kick-sampling durations
may produce more consistent estimates of metrics represent-
ing macroinvertebrate assemblages (Furse et al. 1981; Mackey,
Cooling, and Berrie 1984).

These sources of natural variability and operator error collec-
tively suggest that the estimated 3.2% difference in NTAXA
between 2.5-min and 3-min samples, although significant, is
minor. In addition, metric relationships with width, altitude
and flow permanence were generally comparable at 2.5, 3 and
5-min sampling durations, and for altitude and both #NTAXA
and abundance, these comparable relationships increased in
strength and significance with duration. In addition, at tem-
porary sites, WHPT-ASPT scores increased with sampling
duration. Collectively, these three findings support our sug-
gestion that 3-min rather than 2.5-min durations may best
enable robust macroinvertebrate-based assessment of small
stream condition.

4.2 | It Takes Longer to Characterize Temporary
Stream Communities

Our analysis of narrow streams, high and low-altitude streams,
and perennial and temporary streams identified one notable
deviation from the all-site patterns (i.e., the mean of 2.5min
required to capture>65% NTAXA and 2min for WHPT-ASPT
to stabilize): it took longer to reach these targets in temporary
streams, that is, 3.5min to capture>65% NTAXA and 3min
for WHPT-ASPT to stabilize. This difference was driven by one
sample in which 13 of 19 NTAXA were singletons or doubletons
and all other taxa also occurred at low abundance. Although
all metrics representing macroinvertebrate assemblages were
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statistically comparable at temporary and perennial sites, abun-
dance and taxa richness are typically lower in temporary than
perennial streams, especially during the period of recolonization
and community assembly after flow returns (Hill et al. 2019).
As such, despite our spring-season sampling campaign, recent
flow resumption may explain the low metric values at this site.
In our temperate study area, and such assemblages may be
more common in the autumn sampling season (Murray-Bligh
and Griffiths 2022), during which flow may resume at tempo-
rary sites.

As such, the above suggestion—that the percentage of taxa cap-
tured by kick sampling is comparable across seasons—may not
apply to temporary small streams. Here, assemblages can have
lower densities, lower richness and higher proportions of single-
tons and doubletons after flow resumes (Aspin and House 2022),
extending the duration required to sample a sufficient percent-
age of the community to robustly estimate #NTAXA and WHPT-
ASPT (Mackey, Cooling, and Berrie 1984). Including rare (i.e.,
infrequently occurring) taxa can cause considerable change in
both #NTAXA and WHPT-ASPT (Clarke and Murphy 2006); for
example, these metrics increased from 13 to 19 and from 3.48
to 3.92, respectively, when singletons and doubletons were ex-
cluded from/included in analysis of the highly variable sample
discussed above. Despite introducing variability among sam-
ples, including rare taxa can enhance estimation of condition
(Clarke and Murphy 2006). Spring sampling thus maximizes
the likelihood of capturing a sufficient, and sufficiently stable,
assemblage to enable robust assessment of temporary small

stream condition—and regardless of season, a 3-min sampling
duration would promote capture of sufficient taxa.

4.3 | Towards Better Biomonitoring of Small
Streams

At the scale of an individual sample, the relatively low taxo-
nomic richness of small stream macroinvertebrate commu-
nities and the low densities of many taxa (Arscott, Tockner,
and Ward 2005; Minshall, Petersen Jr, and Nimz 1985; Paller,
Specht, and Dyer 2006) make it crucial to capture a sufficient
number and percentage of taxa to enable robust assessment of
stream condition. We characterized assemblages using the UK's
two standard biomonitoring metrics, #NTAXA (i.e., WHPT
NTAXA; WFD-UKTAG 2021) and WHPT-ASPT (Paisley,
Trigg, and Walley 2014), recording 21+ 6.7 scoring taxa per 3-
min sample. Although no minimum number of taxa is required
for metric calculation, additional taxa can enhance estimation
of condition. First, we recorded seven semi-aquatic and river-
associated terrestrial taxa, and observed many other terrestrial
organisms that we did not identify. Second, we excluded two
non-scoring aquatic families, Corduliidae and Thaumaleidae.
Third, we included Hydrophilidae, Limoniidae and Pediciidae
within composite families (Paisley, Trigg, and Walley 2014).
As such, at least 12 captured taxa were excluded from analysis.
Additional insight could be gained by incorporating such taxa
into small stream biomonitoring, with particular benefits for
temporary streams (England et al. 2019). Statistical analysis
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and expert judgement could both contribute to scoring a greater
range of aquatic, semi-aquatic and river-associated taxa as new
data become available. In addition, although not required to
achieve our study aims, species-level identification greatly en-
hances understanding of ecological condition, and is common
practice at regulatory agencies (Hering et al. 2004).

Beyond the individual sample scale, our study would ideally
have considered communities both at reference sites (including
least-disturbed sites, sensu Stoddard et al. 2006) and human-
impacted sites, to determine the percentage of taxa captured by
kick sampling in the near-absence and presence of anthropo-
genic influences. However, as elsewhere, the types and intensi-
ties of human pressures influencing sites in England’'s SSN have
yet to be surveyed, and thus reference sites have yet to be iden-
tified. As such, the low taxa richness we recorded at some sites
likely reflects human pressures as well as stream size. Our find-
ings and recommendations will enable robust data collection
in future work to characterize reference communities in small
streams, then to characterize deviations therefrom. Both the
values and variability of biomonitoring metrics (here, #NTAXA
and WHPT-ASPT) representing small stream reference commu-
nities also require robust analysis, in particular given the poten-
tial for taxa present at low densities and thus rarely captured to
alter metric values (Clarke and Murphy 2006). Metrics may ben-
efit from evaluation and potentially from adaptation to incorpo-
rate the greater range of taxa discussed above, if their inclusion
promotes consistent metric performance. Both characterization
of reference conditions and testing of metric performance are ur-
gently needed to support future biomonitoring of small stream
condition.

5 | Conclusions

Small streams, in particular those comprising the headwaters
of river networks, play vital roles in supporting catchment-wide
biodiversity and river health (Alexander et al. 2007). Initiatives
such as England’s SSN as well as Ireland's small stream network
(Kelly-Quinn et al. 2024) reflect the long-overdue incorporation
of small streams into regulatory biomonitoring programmes.
To maximize the benefits of such initiatives, robust sampling
approaches are needed to assess ecosystem condition, thus pro-
moting timely and accurate identification of sites at which action
is required either to safeguard valued biodiversity or to reverse
damage caused by human activities. Our results inform the de-
sign of such approaches. For macroinvertebrate-based biomoni-
toring programmes, we recommend a kick-sampling duration of
3min, to facilitate collection of sufficient taxa across a diverse
range of small streams including temporary streams, and—as
the standard duration also used in larger rivers—to enable holis-
tic assessment of catchment-wide river condition.
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