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ABSTRACT: Fine-scale habitat heterogeneity can generate marked short-distance variation in alpine-
stream benthic macroinvertebrate assemblages, yet routine surveys often characterize a site using five 
Surber-net replicates collected within an approximately 100 m reach. We analyzed 99 quantitative samples 
collected at 10 m intervals along a 1 km reach of Qingbixi Stream on Cangshan Mountain, Dali, Yunnan, 
China, to relate taxonomic and functional diversity patterns to within-site sampling design. The samples 
contained 69 taxa and 15,034 individuals. Across 20 consecutive 50 m sections, turnover accounted for 
70.9% of mean total pairwise taxonomic beta diversity, whereas nestedness accounted for 96.3% of mean 
total functional trait-state beta diversity. Taxonomic dissimilarity increased weakly but significantly with 
longitudinal distance. In ten simulated nominal 100 m sampling units, five spatial replicates detected an 
average of 82.9% of the locally observed taxon pool; completeness increased to 87.4% with six replicates 
and 94.6% with eight. These results support five replicates as a practical baseline for routine community 
characterization, while more intensive or microhabitat-stratified sampling is preferable when near-complete 
taxon detection or fine-scale beta-diversity assessment is required. 

Keywords: Alpine stream; Benthic macroinvertebrates; Beta diversity; Functional diversity;  
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1. Introduction 

Benthic macroinvertebrates are integral to running-water ecosystems and are widely used in stream 
biomonitoring because their assemblages integrate the effects of local habitat, water quality, and 
hydrological conditions over ecologically relevant timescales [1,2]. Responses to disturbance are reflected 
in taxonomic composition, abundance, biological traits, and functional organization. Reliable interpretation 
depends not only on taxonomic resolution and metric selection but also on sampling design. Within-site 
replication and sample placement determine the likelihood of detecting the local taxon pool, estimating 
richness accurately, and comparing biological condition among sites [3–5]. These considerations are 
particularly important when surveys seek to characterize biodiversity or local assemblage structure rather 
than merely classify broad ecological status. 

Alpine and headwater streams are particularly sensitive to sampling design because their physical 
conditions can vary over short distances. Narrow channels, steep gradients, coarse substrates, shallow riffles, 
depositional patches, and localized retention of organic matter form heterogeneous microhabitat mosaics. 
Local habitat filtering interacts with drift, dispersal limitation, and dendritic network connectivity [6–8], 
producing assemblage variation among riffles, patches, and short sections of the same stream [9–11]. An 
approximately 100 m reach used to represent a conventional sampling site may therefore encompass 
substantial internal heterogeneity. Because physical microhabitat variables were not measured at every 
sampling point, the observed biological patterns indicate fine-scale spatial structure but cannot be attributed 
quantitatively to individual habitat drivers. 

Fine-scale community structure should be evaluated in both taxonomic and functional dimensions. 
Taxonomic beta diversity quantifies compositional differences among assemblages and can be partitioned 
into turnover and nestedness components [12,13]. Functional beta diversity examines whether taxonomic 
differences are accompanied by changes in trait composition [14]. Taxonomic replacement need not 
produce equivalent functional replacement because distinct taxa may share feeding modes, habitat-use 
strategies, life-history attributes, or other ecological roles [15]. Studies of riverine and mountain-stream 
macroinvertebrates likewise show that taxonomic and functional diversity may respond differently to 
environmental and spatial processes [16,17]. 

These ecological patterns have direct implications for within-site sampling. Routine stream surveys 
generally distribute several Surber- or kick-net replicates across a representative reach, and five replicates 
are often used to balance field effort, standardization, and comparability [3–5]. This level of replication 
may be inadequate where substrate, current, depth, and organic-matter patches vary over only a few metres. 
Sampling-curve and habitat-scale studies have shown that incomplete sampling can bias richness estimates, 
trait-based interpretation, and bioassessment outcomes [5,18–20]. Here, microhabitat-stratified allocation 
refers to distributing replicates among the principal substrate sizes, flow conditions, depositional patches, 
and retained organic matter within a site, rather than concentrating effort in visually similar habitats. 

We used a dense 10 m interval design along a 1 km reach of Qingbixi Stream to relate fine-scale 
diversity patterns to within-site sampling strategy. Specifically, we asked: (1) how do taxonomic and 
functional diversity vary among short sections of an alpine stream; (2) is taxonomic turnover accompanied 
by functional turnover, or is functional structure predominantly nested; and (3) how completely does a 
conventional five-replicate design represent the observed taxon pool within simulated 100 m sites? 
Taxonomic and functional beta-diversity partitioning, longitudinal distance-decay analysis, order-level 
composition, and within-site sampling simulations were combined to evaluate sampling requirements for 
alpine-stream benthic macroinvertebrates. 
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2. Materials and Methods 

2.1. Study Design and Sample Processing 

The study was conducted in the Qingbixi Stream on the eastern slope of Cangshan Mountain, in Dali, 
Yunnan Province, China. This perennial alpine stream originates between Malong Peak and Shengying 
Peak. Samples were collected from 20 to 25 August 2018 along a continuous 1 km reach at 2167–2291 m 
elevation. The channel was approximately 3–5 m wide, discharge was low, the entire reach was wadeable 
during sampling, and water depth did not exceed 1 m. The streambed consisted primarily of stones, cobbles, 
and gravel, interspersed with localized sand or finer sediment and retained organic matter. Riffles and runs 
predominated, with occasional shallow depositional patches. Because substrate particle-size proportions 
were not measured, these habitat descriptions are qualitative. No major tributary entered the study reach, 
and quantitative data on catchment disturbance were unavailable. 

Ninety-nine quantitative sampling points were positioned at 10 m intervals along the longitudinal 
gradient. Each point constituted an independent spatial sampling unit rather than a repeated collection from 
the same quadrat. Samples were collected from the thalweg or main-current zone, rather than the channel 
margin, to minimize the influence of short-term water-level variation on nearshore benthic assemblages. 
The term replicate is used only in the within-site simulation, where it denotes a spatial sample included 
within a nominal 100 m site unit. 

Benthic macroinvertebrates were sampled quantitatively with a Surber net covering 30 cm × 30 cm 
(0.09 m2) and fitted with a 250 μm. At each point, the frame was placed on the available substrate within 
the main flow, and stones, cobbles, gravel, and interstitial fine material inside the frame were disturbed and 
cleaned by hand. Most samples came from shallow riffle or run habitat; depositional material was included 
when it occurred at a main-flow sampling position. Dislodged organisms were carried by the current into 
the net and preserved in 75% ethanol. 

In the laboratory, specimens were sorted and identified to the lowest reliable taxonomic level using 
standard references [2,21,22]. Of the 69 final taxonomic units, 61 were resolved to genus, species, or 
morphospecies; the remaining eight were retained at family, subfamily, order, or another practicable higher 
level because of specimen condition or limitations of the available keys. Taxon names were standardized, 
and the final sample-by-taxon abundance matrix was screened for empty samples, duplicate names, and 
spelling inconsistencies before analysis. 

Physicochemical variables were measured at each sampling point. In situ measurements comprised 
water temperature, conductivity, total dissolved solids, salinity, dissolved oxygen, pH, and oxidation-
reduction potential. Water samples were analyzed in the laboratory for total nitrogen, total phosphorus, 
ammonia nitrogen, nitrate nitrogen, phosphate phosphorus, dissolved organic carbon, and silicate. 
Associations between these variables and Shannon-Wiener diversity were evaluated using Spearman rank 
correlations with false discovery rate correction. 

2.2. Diversity Analyses and Within-Site Sampling Simulation 

Taxon richness and the Shannon-Wiener diversity index were calculated for each 10 m sample. For 
beta-diversity analysis, consecutive samples were aggregated without overlap into 20 sequential 50 m 
sections: the first 19 sections each contained five samples, and the terminal section contained the remaining 
four. Retaining the terminal section allowed all 99 samples to contribute to the analysis. A taxon was 
considered present in a section if it occurred in any constituent sample. The 50 m section length was selected 
a priori to balance fine longitudinal resolution with the need to include multiple Surber samples per section, 
consistent with the short-reach scales commonly used to examine stream-assemblage variability [9,11]. 
Sørensen dissimilarity and its turnover and nestedness components were calculated for all 190 section pairs 
[13]. The overall contribution of each component was calculated as its mean divided by the mean total 
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Sørensen dissimilarity across the 190 comparisons. Accordingly, 70.9% represents the overall contribution 
across all section pairs, not a value for an individual upstream or downstream section. 

Associations between Shannon-Wiener diversity and each measured physicochemical variable were 
tested using Spearman’s rank correlation, with false discovery rate adjustment across all tests. This analysis 
addressed measured water chemistry and in situ conditions but could not account for unmeasured 
microhabitat attributes, including current velocity, local depth, substrate particle size, embeddedness, and 
organic-matter retention. 

Beta-diversity partitioning used presence-absence data because the analysis focused on taxon 
replacement among short sections rather than variation in absolute abundance. Abundance-weighted 
dissimilarity would provide complementary information and warrants future investigation. Spatial 
dependence among nearby sections was addressed through matrix-based distance-decay analysis: pairwise 
taxonomic Sørensen dissimilarity was related to pairwise longitudinal distance, and significance was 
assessed with a Mantel permutation test rather than by treating the 190 pairwise comparisons as independent 
observations [11,13]. 

Functional information was obtained from the Traits worksheet of the accompanying data table. We 
used eight categorical traits: swimming ability, attachment, body armoring, body shape, respiration, size at 
maturity, habit, and trophic group. These traits comprised 26 states represented in the dataset (Table 1). 
Trait categories and ecological interpretations followed standard aquatic-insect references and the trait 
framework for lotic insects [2,23]. Functional trait-state beta diversity was defined as variation among 
sections in the presence or absence of these coded ecological states. 

Each taxon was assigned one integer-coded state for each trait and converted by one-hot encoding into 
a binary taxon-by-trait-state matrix. The Species_code/Morphospecies_label fields (sp1-sp69) provided 
exact matches between the Traits and Abundance worksheets, while the lowest reliable taxonomic name 
informed the initial assignment. Trait codes were complete for all 69 taxa, so no taxon was excluded. Three 
blank text labels in the body-armoring state column retained valid code 3, defined in the worksheet heading 
as none (soft-bodied forms); these codes were retained without imputing states from other taxa. Functional 
composition within each section was represented by the union of trait states carried by its constituent taxa, 
and functional Sørensen dissimilarity was partitioned into trait-state turnover and nestedness [14]. 

Table 1. Eight functional traits and the 26 categorical states are represented among the 69 taxa. Each taxon was assigned one 
integer-coded state per trait. 

Trait States Represented in the Dataset (Integer Code: State) 
Swimming ability 1: none; 2: weak; 3: strong 

Attachment 1: none/free-living; 2: some/sessile or sedentary 
Body armoring 1: poor (heavily sclerotized); 2: good (including cased forms); 3: none (soft-bodied forms) 

Body shape 1: streamlined (flat or fusiform); 2: not streamlined (cylindrical, round, or bluff) 
Respiration 1: tegument; 2: gills; 3: plastron or spiracular/aerial 

Size at maturity 1: small (<9 mm); 2: medium (9–16 mm); 3: large (>16 mm) 
Habit 1: burrow; 2: climb; 3: sprawl; 4: cling; 5: swim 

Trophic group 
1: collector-gatherer; 2: collector-filterer; 3: herbivore/scraper-piercer-shredder; 4: 

predator; 5: shredder (detritus) 

To assess the representativeness of conventional within-site sampling, the ordered sample series was 
divided into ten consecutive nominal 100 m site units. Units U1-U9 each comprised ten 10 m samples, 
whereas the terminal unit U10 comprised the remaining nine. The locally observed taxon pool for each 
unit was defined as the union of taxa recorded in all available samples. For each replication level from 
one to nine, all possible combinations of that number of spatial samples were enumerated within every 
unit. Results for ten replicates were calculated only for U1-U9 because U10 contained nine samples. The 
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procedure used deterministic exhaustive enumeration rather than Monte Carlo resampling: replicate 
number denotes the number of spatial Surber samples included in a simulated survey, not the number of 
simulation iterations [5,20,24]. 

For each sample combination, detection completeness was calculated as detected richness divided by 
the locally observed taxon pool of the corresponding unit. Combination-level estimates were averaged 
within units and then summarized as the mean and standard deviation across eligible units. Mean 
completeness (mean ± SD) was 82.87% ± 3.53% with five replicates, 87.42% ± 2.90% with six, and 94.61% 
± 1.66% with eight. The 100% value for ten replicates applies only to the nine complete units. Marginal gain 
was defined as the difference in mean detected richness between adjacent replication levels. 

Sampling recommendations were derived descriptively from the observed detection curve and were 
linked to survey objectives rather than a universal completeness threshold. Five replicates represented the 
conventional baseline, six to eight an intermediate increase in effort, and eight to ten replicates or explicit 
microhabitat stratification a high-completeness design. 

All analyses were performed in R 4.5.1. Values reported in the text, tables, and figures were verified 
against the Environment, Abundance, and Traits worksheets. 

3. Results 

3.1. Community Composition and Environmental Variation 

The 99 quantitative samples contained 69 benthic macroinvertebrate taxa and 15,034 individuals. 
Ephemeroptera was numerically dominant, followed by Diptera, Trichoptera, Coleoptera, and Plecoptera; 
all remaining orders together accounted for 2.02% of individuals (Table 2). 

Table 2. Order-level composition of the 69 taxa and 15,034 individuals recorded in 99 quantitative samples. 

Order Number of Taxa Individuals Relative Abundance (%) 
Ephemeroptera 17 10,231 68.05 

Diptera 13 2491 16.57 
Trichoptera 13 961 6.39 
Coleoptera 8 815 5.42 
Plecoptera 6 233 1.55 

Others 12 303 2.02 

After false discovery rate correction, Shannon-Wiener diversity was not significantly associated with 
any measured physicochemical variable (Table 3). Dissolved-oxygen saturation showed the strongest 
unadjusted association (Spearman rho = −0.264, p = 0.008, adjusted p = 0.133). 

Table 3. Physicochemical variables measured at 99 sampling points and their Spearman correlations with Shannon-Wiener 
diversity. Adjusted p-values were calculated using false discovery rate correction. 

Variable (Unit) Mean SD Min Max Spearman rho p Adjusted p 
TN (mgꞏL−1) 0.23 0.03 0.08 0.32 −0.081 0.428 0.760 

NO3-N (mgꞏL−1) 0.18 0.03 0.05 0.25 −0.053 0.601 0.823 
NH3-N (mgꞏL−1) 0.04 0.01 0.02 0.11 0.051 0.618 0.823 

TP (mgꞏL−1) 0.02 0.00 0.01 0.04 0.035 0.728 0.832 
PO4-P (mgꞏL−1) 0.02 0.00 0.01 0.04 0.002 0.983 0.983 

Si (mgꞏL−1) 4.47 0.80 2.68 6.56 0.116 0.255 0.582 
DOC (mgꞏL−1) 2.80 1.33 0.64 6.30 −0.028 0.780 0.832 

Chla (microgramꞏL−1) 0.60 0.55 0.06 2.69 0.055 0.587 0.823 
Conductivity (microSꞏcm−1) 49.31 9.58 26.00 56.80 0.119 0.240 0.582 

Salinity (dimensionless) 0.03 0.00 0.01 0.03 0.161 0.112 0.582 
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TDS (mgꞏL−1) 40.65 7.50 22.10 46.15 0.178 0.078 0.582 
Water temperature (°C) 14.03 0.78 12.80 19.90 −0.119 0.242 0.582 

DO (mgꞏL−1) 7.13 0.15 6.60 7.52 −0.093 0.358 0.715 
DO saturation (%) 68.84 2.06 55.50 72.60 −0.264 0.008 0.133 
pH (dimensionless) 7.44 0.26 6.88 7.86 −0.031 0.758 0.832 

ORP (mV) 144.57 47.61 68.00 202.70 0.145 0.151 0.582 

3.2. Fine-Scale Taxonomic and Functional Diversity Patterns 

Across the 190 pairwise comparisons among 20 sequential 50 m sections, mean total taxonomic Sørensen 
dissimilarity was 0.227 ± 0.048. Mean turnover and nestedness were 0.161 and 0.066, respectively; turnover 
therefore accounted for 70.9% of mean total taxonomic beta diversity and nestedness for 29.1% (Figure 1). 
These percentages summarize all section pairs and are not attributable to individual longitudinal sections. 

Functional trait-state beta diversity exhibited the reverse component structure. Mean total pairwise 
functional dissimilarity was 0.018 ± 0.015, comprising a mean turnover of 0.00066 and mean nestedness of 
0.01709. Turnover and nestedness consequently accounted for 3.7% and 96.3%, respectively (Figure 1), 
indicating that trait-state sets in less functionally rich sections were largely subsets of those in richer sections. 

 

Figure 1. Relative contributions of turnover and nestedness to taxonomic and functional trait-state beta diversity among 20 
sequential 50 m sections. Each bar represents the mean component divided by the mean total Sørensen dissimilarity across all 
190 pairwise comparisons; the two components sum to 100% within each diversity facet. Error bars are not shown; mean total 
dissimilarity ± SD is reported in the text. 

Taxonomic dissimilarity increased weakly with longitudinal distance among the 50 m sections (Mantel 
r = 0.227, p = 0.010; Figure 2). Order-level composition was broadly consistent among the ten simulated 
nominal 100 m site units, with Ephemeroptera, Diptera, Trichoptera, Coleoptera, and Plecoptera comprising 
the dominant groups (Figure 3). 
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Figure 2. Relationship between taxonomic Sørensen dissimilarity and longitudinal distance for 190 pairwise comparisons among 
20 sequential 50 m sections. Points represent section pairs, and the line indicates the fitted trend. Matrix association was evaluated 
using a Mantel permutation test (r = 0.227, p = 0.010). 

 

Figure 3. Order-level relative abundance in ten consecutive nominal 100 m site units along the 1 km reach. Units U1-U9 each 
contain ten 10 m samples, whereas terminal unit U10 contains nine; each stacked bar sums to 100%. 

3.3. Within-Site Sampling Representativeness 

Taxon detection increased with spatial replication across the ten simulated nominal 100 m site units 
(Figure 4). Mean completeness was 42.3% with one replicate, 70.0% with three, 82.9% with five, 87.4% 
with six, and 94.6% with eight. 
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Marginal gains declined but remained positive as replication increased. The sixth, seventh, and eighth 
replicates added an average of 1.93, 1.64, and 1.42 taxa, respectively. Nine replicates detected an average 
of 97.6% of the locally observed pool; ten replicates achieved 100% in the nine complete units. 

 

Figure 4. Taxon-detection completeness with increasing within-site replication in ten simulated nominal 100 m site units. Points 
and the line represent mean completeness across units; error bars denote ± 1 SD. Values for one to nine replicates are based on 
ten units, whereas the ten-replicate estimate is based on the nine complete units. The vertical dashed line marks the five-replicate 
baseline, and horizontal guides indicate 80%, 90%, and 95% completeness. 

4. Discussion 

4.1. Fine-Scale Diversity Patterns and Taxonomic-Functional Decoupling 

Taxonomic composition varied appreciably among short sections of Qingbixi Stream despite their 
location within a continuous 1 km reach. This result accords with patch-scale variation reported for stream 
macroinvertebrate assemblages and with the influence of substrate and fine-sediment mosaics [9–11,18,19]. 
The weak but significant distance-decay relationship further indicates a modest longitudinal component. In 
headwater channels, local habitat filtering may interact with limited upstream dispersal, downstream drift, 
and dendritic connectivity to generate such spatial structure [6–8,10]. Restricting sampling to the main 
current reduced sensitivity to shifting channel margins but did not eliminate heterogeneity among benthic 
patches. These short-reach patterns also support a watershed-ecology perspective that links local biotic 
variation to nested spatial processes and watershed-scale conservation [25–27]. 

The predominance of taxonomic turnover contrasted sharply with the nested structure of functional 
trait states. Comparable decoupling between diversity facets has been observed when taxonomic and 
functional composition respond differently to environmental and spatial processes [14,16,17]. Functional 
redundancy offers a likely explanation: taxonomically distinct organisms may share feeding, locomotor, 
respiratory, body-form, or habitat-use traits [15]. Taxonomic turnover should therefore not be assumed to 
represent an equivalent change in broad functional composition. 

The 96.3% contribution of nestedness indicates that sections with fewer trait states generally contained 
subsets of the states recorded in functionally richer sections, rather than distinct sets of states. This result 
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does not imply functional invariance; instead, replacement among the 26 categorical states was limited 
relative to replacement of taxonomic identities at the resolution analyzed. 

This contrast defines the scope of the sampling recommendations. Moderate replication may capture 
broad trait-state composition relatively efficiently, whereas biodiversity inventories, richness estimation, 
and taxonomic beta-diversity analysis require more extensive spatial coverage. Taxonomic and functional 
metrics thus provide complementary information and are most informative when interpreted together. 

4.2. Implications for Single-Site Sampling in Alpine Streams 

The simulation directly evaluated a common within-site sampling design. Five replicates detected an 
average of 82.9% ± 3.5% of the locally observed taxon pool, supporting their use as a practical baseline 
when standardization and field efficiency are priorities [3,4]. Detection nevertheless continued to increase 
beyond five replicates, so this baseline should not be regarded as universally optimal. Similar effects of 
sample size on richness and bioassessment have been reported elsewhere [5,20]. 

The trade-off between effort and information was clear: the sixth, seventh, and eighth samples added 
an average of 1.93, 1.64, and 1.42 taxa, raising completeness to 87.4%, 91.3%, and 94.6%, respectively. 
Because substrate composition and fine-sediment fractions can influence taxonomic and functional 
diversity at habitat scales [18,19], additional replicates should, where possible, be distributed among major 
substrate, flow, depositional, and organic-matter patches within the main channel rather than concentrated 
in similar riffles. 

Sampling intensity should be aligned with survey objectives (Table 4). Five replicates provide a 
feasible baseline for routine assessment; six to eight improve general community characterization; and eight 
to ten, or explicit microhabitat stratification, are preferable for inventories and conservation assessments. 
For fine-scale taxonomic or functional beta-diversity analysis, replicate-level data should be retained 
because complete compositing removes within-site spatial information. 

Table 4. Objective-specific within-site sampling strategies derived from the simulated nominal 100 m units. 

Survey Objective Recommended Within-Site Strategy Rationale 

Routine ecological assessment 
Five Surber net replicates within a nominal 
100 m reach 

A feasible, standardized baseline; mean 
completeness was 82.9% in this study. 

General community diversity 
survey 

Six to eight replicates when resources 
permit 

Mean completeness increased to 87.4–94.6%, 
with diminishing marginal gains. 

Biodiversity inventory or 
conservation assessment 

Eight to ten replicates or microhabitat-
stratified allocation 

Improves completeness and coverage of 
spatially restricted taxa. 

Fine-scale beta or functional 
diversity analysis 

Retain replicate-level spatial information; 
avoid full compositing 

Preserves the spatial information needed to 
quantify within-site heterogeneity and relate 
taxa or traits to microhabitats. 

4.3. Limitations and Future Directions 

The dense, standardized survey provides internally consistent evidence for calibrating within-site 
sampling in a small alpine stream, but its inference is bounded by a single August survey of one reach. 
Macroinvertebrate occurrence and detectability vary with hydrology, emergence, recruitment, and seasonal 
habitat conditions [19]. The reported values should therefore be treated as empirical benchmarks for 
comparable small, shallow, wadeable streams under similar seasonal conditions rather than fixed thresholds 
for all alpine streams. 

Physical microhabitat variables were not quantified at every 10 m sampling point. Although sampling 
in the thalweg or main-current zone reduced confounding from short-term water-level fluctuations at 
channel margins, the design cannot separate the effects of current velocity, depth, substrate size, 
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embeddedness, organic matter, and longitudinal position. Detection curves and beta-diversity components 
may differ in wider, low-gradient, sand-bed, intermittent, or strongly disturbed streams [16–19]. These 
limitations constrain extrapolation beyond comparable systems but do not affect the internal comparisons 
based on a consistent sampling gear and protocol. 

Trait-based inference was further limited by categorical resolution and by above-species-level assignments 
for some taxa. Although complete eight-trait codes were available for all 69 taxa, finer trait databases, life-stage-
specific information, and abundance-weighted functional analyses could reveal additional structure [23,28,29]. 
In addition, simulation completeness was measured against the taxon pool observed within each nominal 100 
m unit rather than an estimate that included undetected taxa. The resulting recommendations are therefore 
objective-specific guidance, not universal guarantees of sampling completeness. 

5. Conclusions 

Dense sampling at 10 m intervals in Qingbixi Stream recorded 69 taxa and 15,034 individuals and 
revealed pronounced taxonomic variation at fine spatial scales. Across 20 sequential 50 m sections, turnover 
accounted for 70.9% of mean total taxonomic beta diversity, whereas nestedness accounted for 96.3% of 
mean total functional trait-state beta diversity. Taxonomic replacement within the reach was therefore not 
matched by equivalent replacement among the 26 broad ecological trait states. 

Across ten simulated nominal 100 m units, five, six, and eight spatial replicates detected an average of 
82.9%, 87.4%, and 94.6% of the locally observed taxon pool, respectively. Five replicates provide a 
defensible baseline for routine assessment; six to eight improve general community coverage; and eight to 
ten, or microhabitat-stratified allocation, are preferable when high taxonomic completeness is required. 
These recommendations apply most directly to small, wadeable alpine streams sampled under comparable 
seasonal conditions. 
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