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Abstract: Comprehensive research on the structural and functional variability of benthic
macroinvertebrate communities within headwater streams is limited, despite the fact that the
majority of streams within a watershed are headwater streams that form the primary link between
terrestrial and aquatic ecosystems. Therefore, we investigated the structure and function of
benthic macroinvertebrate communities in four headwater streams at two different spatial scales
(i.e., sampling sites (i.e., reaches) >samples (i.e., riffles)) over three seasons (i.e., spring, summer and
autumn) of the year. Community indices, functional feeding guilds and habit trait guilds varied
significantly depending on the seasons rather than on sites in two-way ANOVA based on spatial
(i.e., sampling sites) and seasonal effects in each headwater stream. Non-metric multidimensional
scaling analyses showed the differences between communities according to the considered spatial and
temporal scales. At the individual stream scale, the differences between samples followed seasonal
variation more than spatial differences. Site differences became more important when performing
an ordination within a single season (i.e., spring, summer, and autumn). Continued research and
monitoring employing both multidisciplinary and multidimensional approaches are required to
maintain macroinvertebrate diversity within headwater streams.

Keywords: headwater stream; macroinvertebrate; non-metric multidimensional scaling (NMS);
rarefaction; microhabitats; heterogeneity; functional feeding guilds (FFGs); habit trait guilds (HTGs)

1. Introduction

Biodiversity has been declining at an increasing rate worldwide [1] as a result of anthropogenic
habitat disruption. Although freshwater occupies less than 1% of the Earth’s surface area, and rivers
and streams represent only 0.006% of all freshwater resources [2], they exhibit high biodiversity,
comprising approximately 10% of known species [3,4].

Headwater streams are extremely heterogeneous ecosystems with high spatial and temporal
variation [5], comprising a significant proportion (i.e., more than three-quarters) of the total stream
channel length within a watershed [6]. Headwater streams are main sources of water, sediments, and
organic materials that are transported downstream [7-10], and their small catchments couple terrestrial
and aquatic ecosystems such as food web dynamics [11,12] including allochthonous input [13], inputs
of terrestrial invertebrates [14], etc. (see Nakano et al. [15] for a detailed explanation). Furthermore, they
are essential for sustaining the structure and function of watersheds [7,8,10,16]. Headwater streams
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provide valuable habitats for unique and diverse communities of aquatic flora and fauna [16-18].
Therefore, it has become increasingly clear that headwater streams are essential for maintaining
biodiversity in both terrestrial and aquatic habitats [7,8,10,17,19,20].

Benthic macroinvertebrates perform central ecological roles in stream ecosystems [21], such as
processing of detritus, participation in animal-microbial interactions and functioning as primary
and secondary consumers through critical trophic interactions [22,23]. Headwater streams are
characterized by diverse microhabitats (i.e., refugia) that help protect macroinvertebrates from
competition, predation and natural disturbances, and therefore support a rich regional biodiversity [20].
Research on the environmental and biological parameters that determine the structure and function of
macroinvertebrate community in headwater streams is essential for the basic understanding of the
ecology, biodiversity, and conservation of these important ecosystems [24,25].

The composition of the macroinvertebrate community can be differentiated by various factors,
including latitudinal gradients [26], stream segmentation and microhabitat [27,28]. Heino et al. [26]
suggested that local filters (e.g., water quality) in headwater streams were relatively weak whereas they
showed the clear latitudinal gradients of macroinvertebrate community composition. Ligeiro ef al. [27]
found that the composition of macroinvertebrate community was differentiated according to stream
segments and microhabitats in a tropical headwater catchment, and Garcia-Roger et al. [28] reported
that during the dry season, the species richness was decreased especially in the temporary headwater
streams due to the reduction of available habitats. The diversity of different guilds (i.e., functional
feeding guilds and habit trait guilds) in headwater streams is affected by pH, stream width, moss cover,
stream particle size, nitrogen, and water color [19]. Moreover, algae-scraping invertebrates represent
longitudinal zonation patterns along the river systems whereas within riffles, algal abundance can
determine the invertebrates in small-scales [29-31]. The distributions of leaf-shredding invertebrates
often reflect longitudinal and among-stream variability in riparian conditions [32,33] as well as
riffle-scale patchiness of leaf detritus on stream bottoms [34,35]. Chung et al. [36] reported that the
variation in the trophic structure was affected by habitat characteristics in each channel reach, including
channel morphology, proportion of habitat type, and benthic organic matter availability. However,
there has been little research on aquatic biodiversity in headwater streams considering both seasonal
and spatial differences.

Therefore, we examined the diversity of a benthic macroinvertebrate community in four different
headwater streams at two different spatial scales (i.e., sampling sites >samples (riffles)) in three different
seasons (i.e., spring, summer, autumn). We tested hypothesis that the composition of macroinvertebrate
communities would be spatially and temporally heterogeneous at different spatial scales in headwater
streams [37-39]. We considered only headwater streams free of anthropogenic disturbance to exclude
interaction effects between anthropogenic and natural factors on macroinvertebrate communities.

2. Materials and Methods

2.1. Study Area

We studied benthic macroinvertebrate communities at the headwater streams in four different
regions of the northern part (Gwangreng: GR and Hongcheon: HC) and southern part (Wando:
WD and Geumsan: GS) of South Korea (Figure 1 and Table 1). All streams were in forested
areas, free of anthropogenic disturbance (Table 1). For instance, GR and WD are in the National
Arboretum and people have rarely visited HC and GS due to the accessibility. Acer pseudosieboldianum,
Quercus mongolica and Securinega suffruticosa were dominant trees in riparian areas of GR,
Sambucus racemosa L. ssp. sieboldiana and Deutzia grandiflora Bunge var. baroniana were dominant in
HC. Meanwhile, the riparian vegetation of GS was mainly composed of Pinus densiflora, Styrax obassia,
and Phragmites japonica, and Eurya japonica, Camellia japonica and Quercus acuta were mainly observed
in the riparian vegetation of WD. There were no houses or farms in the stream catchments of study
areas. All sampling sites were in the first or second order streams based on a geographical map
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(scale: 1:50,000). There were clear gradients of climate (i.e., temperature and precipitation) according to
the climate data from the Korea Meteorological Administration (KMA) [40]. Annual precipitation in
the study areas was higher in the southern study area (WD: 1532.7 mm and GS: 1512.8 mm) than in the
northern study area (GR: 1450.5 mm and HC: 1405.4 mm). Due to the monsoon climate, more than 50%
of the precipitation was concentrated in summer (especially, June or July to August); whereas other
periods (mainly from October to March) were dry [41]. Annual average temperature based on the data
from 1980 to 2010 from KMA is the lowest in HC (10.8 °C) followed by KR (12.7 °C), KS (13.4 °C) and
WD (14.3 °C). Monthly temperature range is the highest in HC from —11.5 °C to 30.2 °C followed by
GS (—5.8 °C-30.3 °C), GR (5.9 °C-29.6 °C) and WD (—0.4 °C-29.2 °C).

2.2. Ecological Data

Benthic macroinvertebrates were collected with a Surber sampler (30 x 30 cm, 300 um mesh) to
a depth of 10 cm at 12 sampling sites in four different streams (Figure 1). Sampling was conducted
seasonally in spring, summer, and autumn in 2009 (GS), 2010 (GR), 2011 (HC), and 2014 (WD). Samples
could not be collected in winter because the streams were frozen. In each stream, three riffle sites
(e.g., GS1, GS2 and GS3 in GS stream) were selected at less than 0.5-km intervals between the adjacent
sites. Within each riffle, three to five replicates were sampled on a longitudinal direction within 1- to
3-m distances between the adjacent sampling replicates (see [26,42]). Therefore, a total of 177 samples
were collected (four streams x three sites x three—five replicates x three seasons). In the laboratory,
macroinvertebrates were sorted and preserved in 70% ethanol. All the individuals were identified
mainly to the species level except Chironomidae under a stereo microscope (SMZ800N) at 400 x based
on literature [43-48].
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Figure 1. Locations of the sampling sites in four different headwater streams.
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Table 1. Average (standard deviation) of physico-chemical characteristics of headwater streams.

40f15

. . GR (2010) HC (2011) GS (2009) WD (2014)
Environmental Variable
GR1 GR2 GR3 HC1 HC2 HC3 GS1 GS2 GS3 WD1 WD2 WD3
Geography
Altitude (m) 248 172 156 824 794 787 162 155 145 189 179 116
Stream order 1 2 2 2 2 2 1 1 1 1 1 2
Hydrology
Velocity (cm/s) 33.3 (18) 34.9 (17.3) 52.2(32.7) 42.8 (24.4) 29.4 (23) 35.3 (28.3) 30.6 (35.4) 27.1 (30.6) 34.7 (38) 21.6 (14.1) 24.9 (20.7) 32.9 (25.6)
Depth (cm) 7.5(2.7) 13 (5.2) 12.3 (6.1) 23.6 (7) 21.7 (10.1) 22.6 (8.4) 12.2 (4.6) 9.6 (3.3) 9.9 (3.7) 14.3 (7) 26.9 (17.7) 32.9 (25.6)
Width (cm) 96 (12) 147 (49) 292 (112) 403 (108) 307 (153) 339 (100) 267 (129) 464 (50) 433 (272) 128 (27) 166 (23) 197 (26)
Substrate (%)
<8mm 24 (14) 14.3 (23.5) 10.4 (18) 23(3.2) 1.0 (2.1) 1.7 (2.4) 42 (4) 2.4 (1.9) 2.6(2.2) 1.9 (1.0) 2.3(14) 1.5(0.7)
>8mm 59(2.7) 39(3.7) 54 (4.1) 5.7 (4.2) 43 (44) 3.7(3.5) 7.6 (6.7) 6.0 (4.1) 9.0 (7.3) 4.4 (2.6) 5.1(3.7) 3119
>16mm 10.6 (4) 49 (3) 6.7 (5.4) 10.3 (6.7) 6.2 (5.1) 7.3 (4.2) 11.5(7.1) 12.0 (6.7) 12.1(7.1) 8.7 (5.3) 8.7 (4.4) 6.6 (3.4)
>32mm 17.3(7.7) 10.1 (9.5) 8.7 (8.1) 14.3(9.2) 12.5 (7.4) 10.3 (5.2) 20.7 (10.7) 24.1 (8.1) 17.0 (4.8) 14.0 (9.4) 16.2 (5.1) 10.9 (5.8)
>64mm 28.4 (20.9) 13.4 (14.7) 19.2 (11) 20.3 (9.7) 20.6 (12.7) 15.3(7.7) 21.6 (7.9) 28.3 (14.5) 29.4 (16) 23.3 (8.6) 21.3(10.2) 18.9 (9.6)
>128mm 13.0 (17.4) 21.0 (18.6) 29.5 (24.6) 223 (11.5) 27 (17.6) 34 (16.2) 23.7 (16.8) 18.3 (13.9) 26.5 (19.1) 33.7 (15.8) 29.0 (15.7) 31.0 (8.5)
>256mm 22.3 (29.4) 32.3(32.4) 20.2 (26.2) 24.7 (30) 28.3 (37.5) 27.7 (26) 10.7 (18.9) 8.8 (17.9) 3.4 (13.3) 14.0 (15.9) 17.4 (19.5) 28.0 (19.2)
Water quality
Conductivity (uS/cm) 72.3 (3.5) 58.4 (0.9) 60.9 (0.8) 45.8 (9.6) 44.8 (10.1) 48.7 (7.5) 37.9 (3.3) 46.3 (14.5) 42.9(9.9) 77.3 (6.4) 77.6 (6.1) 79.6 (4.7)
Dissolved oxygen (mg/L) 9.9 (1.0) 10.6 (1.2) 9.8 (0.9) 10 (1.4) 9.9 (1.4) 9.8 (1.5) 10 (0.1) 8.9(0.1) 9.5(0.4) 9.5 (1.6) 9.5 (1.4) 9.7 (1.2)
pH 7.2(0.4) 7(0.2) 6.8 (0.1) 6.8 (0.1) 7.0(0.1) 7.0 (0.5) 7.7 (0.0) 7.7 (0.2) 8.0(0.3) 7.2 (0.0) 7.2 (0.0) 7.3(0.1)

Values in parentheses for each headwater stream indicate the sampling year.
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All specimens were categorized into both functional feeding guilds (FFGs, predators: PR, scrapers:
SC, collector-gatherers: CG, collector-filterers: CF, and shredders: SH) and habit trait guilds (HTG,
clinger: CL, burrower: BU, swimmer: SW, sprawler: SP, and climber: CM) based on Merrit and
Cummins [34], except Chironomidae, because of the difficulties in taxonomic classification.

Physico-chemical environmental factors were also measured at each sampling site during the
field sampling, including hydrological variables (stream depth, width, and discharge), substrates,
and water quality variables. Substrate composition was measured based on substrate sizes (D):
boulders (D = 256 mm), coarse cobbles (128 mm < D < 256 mm), fine cobbles (64 mm < D < 128 mm),
pebbles (16 mm < D < 64 mm), gravel (2 mm < D < 16 mm), and smaller substrates (D <2 mm) [35]
using each size of standard sieves (Testing sieve; Korea, Chung-gye). Water temperature, dissolved
oxygen (DO), pH, and electric conductivity (conductivity) were measured using a multifunction
meter (Orion®RA223). Altitude and stream order were extracted from a digital map using ArcGis
(Ver. 10.1) [49].

2.3. Data Analysis

We conducted two steps of analyses to compare the differences between macroinvertebrate
communities according to the spatial and temporal differences. First, variations of community indices
(abundance, species richness, Shannon diversity index, Simpson diversity index, and Evenness) and
proportions (%) of each class of FFGs and HTGs were analyzed using two-way analysis of variance
(two-way ANOVA) to determine spatial and/or seasonal differences in each headwater stream. Second,
we analyzed the abundance of macroinvertebrates using non-metric multidimensional scaling (NMS)
and the Bray-Curtis distance to identify the relative differences between the sample units over multiple
spatial scales and seasons. NMS is an indirect ordination analysis that compares the distribution of the
macroinvertebrate community across all the sampling units without including any prior information
about how the structure or taxa of macroinvertebrates could be altered or respond to environmental
variables [50,51]. NMS was applied to the datasets at two different spatial scales: (1) each individual
stream (three sites each) and (2) each site.

Prior to NMS analyses and statistical tests, we transformed the abundance of each taxon that
showed large variations using the natural logarithm. Before transformation, the number one was
added to the variables to avoid the logarithm of zero [52].

Two-way ANOVA were conducted with the package stats in R software [53], and NMS analyses
were conducted with PC-ORD version 5 [54].

3. Results

Overall, 126 taxa with 53,002 individuals were collected (i.e., GR: 77 taxa with 18,621 individuals,
HC: 78 taxa with 16,981 individuals, GS: 53 taxa with 5247 individuals, and WD: 58 taxa with 11,973
individuals). At the site scale, species richness varied from 9 (WD1 in summer) to 50 (HC3 in
spring) and abundance ranged from 267 (GS1 in summer) to 4854 (GR1 in summer) (Table 2). At the
microhabitat scale, species richness ranged from 2 (WD1-4 in summer) to 36 (HC3-3 in spring) and
abundance ranged from 21 (GS1-3 in spring) to 1705 (GR1-3 in summer).

The seasonal differences in community indices, FFGs and HTGs were mainly observed more
frequently than the site differences except GR (Tables 3-5). For instance, their statistical differences
(i.e., community indices, FFGs and HTGs) were relatively larger among sites in GR (9 in 15 cases). Only
scrapers and shredders showed seasonal differences or spatial differences in all cases (i.e., sites, season
and interaction between sites and season). In HC, species richness, Shannon diversity and scrapers
showed seasonal differences. Only swimmers showed significant differences among sites. In GS and
WD, the frequencies of seasonal differences were also higher (e.g., species richness, collector-gatherers,
clingers, burrowers and swimmers in GS) than amonyg sites (e.g., evenness, predators in GS).
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Table 2. Abundance, species richness (SR), evenness (E), Shannon diversity index (H') and Simpson diversity index (D’) in four headwater streams.

Season Site Abundance SR E H D’ Season Site Abundance SR E H D’
Spring GR1 2016 38 0.56 2.03 0.77 Spring GS1 285 19 0.70 2.05 0.82
GR2 1856 32 0.48 1.67 0.64 GS2 280 22 0.72 222 0.83
GR3 1518 40 0.54 1.98 0.67 GS3 677 19 0.59 1.73 0.74
Summer GR1 4854 40 0.25 0.91 0.34 Summer GS1 267 23 0.69 2.16 0.80
GR2 2269 46 0.35 1.32 0.50 GS2 288 20 0.62 1.87 0.76
GR3 2076 41 0.65 2.42 0.84 GS3 1409 25 0.39 1.26 0.50
Autumn GR1 1710 41 0.45 1.67 0.65 Autumn GS1 686 32 0.67 2.32 0.83
GR2 1441 42 0.52 1.93 0.73 GS2 894 31 0.62 2.14 0.80
GR3 881 34 0.56 1.96 0.71 GS3 641 27 0.70 2.29 0.860
Spring HC1 2888 41 0.56 2.07 0.76 Spring WD1 1410 32 0.54 1.87 0.73
HC2 2927 39 0.61 2.23 0.80 WD2 1055 30 0.60 2.05 0.77
HC3 2187 50 0.60 2.36 0.80 WD3 467 28 0.63 2.10 0.75
Summer HC1 632 35 0.70 2.48 0.87 Summer WD1 4188 9 0.13 0.28 0.12
HC2 617 34 0.69 242 0.84 WD2 1677 14 0.15 0.38 0.13
HC3 388 30 0.70 2.39 0.86 WD3 828 11 0.29 0.70 0.38
Autumn HC1 1851 34 0.63 222 0.78 Autumn WD1 1020 15 0.16 0.44 0.16
HC2 2469 41 0.53 1.95 0.70 WD2 587 22 0.43 1.33 0.55
HC3 3022 42 0.55 2.04 0.70 WD3 741 19 0.28 0.81 0.31

60f 15
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Table 3. Summary of two-way ANOVAs for community indices at different sites and seasons.
Variable Factor GR HC GS wD
Df MS F value P Df MS F value P Df MS F value P Df MS F value P
Abundance Sites 1 375910 2.718 0.107 1 1703 0.023 0.880 1 71,108 5.416 0.025 1 753,667 7.752 0.008
Season 1 19458 0.141 0.710 1 14,520 0.197 0.660 1 23,595 1.797 0.187 1 2387 0.025 0.876
Sites: Season 1 3080 0.022 0.882 1 175,219 2.373 0.131 1 19,911 1.517 0.225 1 8572 0.088 0.768
Residuals 39 138318 41 73,840 40 13,129 41 97,220
Species i 4 1.822 27 762 2 2 7
richness Sites 1 53. 8 0.185 1 . 0.093 0.76 1 3.25 0.419 0.521 1 14. 0.83 0.368
Season 1 0.44 0.015 0.903 1 140.83 4.866 0.033 1 237.67 30.678 <0.001 1 432.1 24.395 <0.001
Sites: Season 1 0.18 0.006 0.938 1 57.8 1.997 0.165 1 16.82 2172 0.148 1 54.1 3.056 0.088
Residuals 39 29.31 41 28.94 40 7.75 41 17.7
Evenness Sites 1 0.13153 6.32 0.016 1 0.000145 0.012 0.912 1 0.06476 6.069 0.018 1 0.1599 3.631 0.064
Season 1 0.00463 0.222 0.640 1 0.025579 2.154 0.150 1 0.00311 0.292 0.592 1 0.8593 19.516 <0.001
Sites: Season 1 0.02039 0.98 0.328 1 0.012152 1.023 0.318 1 0.01255 1.176 0.285 1 0.0001 0.003 0.959
Residuals 39 0.02081 41 0.011874 40 0.01067 41 0.044
Shannon .
diversity Sites 1 0.14666 4.952 0.032 1 0.00273 0.335 0.566 1 0.03774 3.434 0.071 1 0.0812 1.527 0.224
Season 1 0.00738 0.249 0.620 1 0.06153 7.553 0.009 1 0.04466 4.063 0.051 1 1.3223 24.867 <0.01
Sites: Season 1 0.03464 1.169 0.286 1 0.01486 1.824 0.184 1 0.00107 0.097 0.757 1 0.0113 0.213 0.647
Residuals 39 0.02962 41 0.00815 40 0.01099 41 0.0532
ii‘;ﬁ:fg Sites 1 1.4748 6.763 0.013 1 0.0103 0.122 0.729 1 0.2774 3.021 0.090 1 0.32 1.028 0.317
Season 1 0.0404 0.185 0.669 1 0.6195 7.313 0.010 1 1.1574 12.606 0.001 1 8.145 26.212 <0.001
Sites: Season 1 0.1912 0.877 0.355 1 0.2627 3.101 0.086 1 0.0082 0.089 0.767 1 0.138 0.443 0.510
Residuals 39 0.2181 41 0.0847 40 0.0918 41 0.311

Df: degree of freedom and MS: mean square.
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Table 4. Summary of two-way ANOVAs for functional feeding groups at different sites and seasons.

X GR HC GS WD
Variable Factors
Df MS F value P Df MS F value P Df MS F value P Df MS F value P
Predator Sites 1 1118.8 2.366 0.132 1 340 0.317 0.576 1 503.7 6.492 0.015 1 503.7 6.492 0.015
Season 1 19.1 0.04 0.842 1 4 0.004 0.951 1 138.2 1.781 0.190 1 138.2 1.781 0.190
Sites: Season 1 20.7 0.044 0.835 1 6266 5.849 0.020 1 7.1 0.092 0.763 1 7.1 0.092 0.763
Residuals 39 472.8 41 1071 40 77.6 40 77.6
Scraper Sites 1 33.6 0.148 0.702 1 4225 1.365 0.249 1 964.3 3.561 0.066 1 24 0.132 0.718
Season 1 2290.2 10.116 0.003 1 12,855 4.154 0.048 1 888.7 3.282 0.078 1 3852 20.891 <0.001
Sites: Season 1 21.7 0.096 0.758 1 884 0.286 0.596 1 818.5 3.023 0.090 1 162 0.879 0.354
Residuals 39 226.4 41 3094 40 270.7 41 184
Collector-gatherer Sites 1 448,017 4.262 0.046 1 145.2 0.082 0.777 1 853 1.15 0.290 1 648858 6.519 0.015
Season 1 28,793 0.274 0.604 1 1080 0.607 0.441 1 18,302 24.669 <0.001 1 48386 0.486 0.490
Sites: Season 1 8235 0.078 0.781 1 115.2 0.065 0.800 1 1887 2.543 0.119 1 704 0.007 0.933
Residuals 39 105,131 41 1780.6 40 742 41 99533
Shredder Sites 1 1299.9 11.346 0.002 1 7 0.005 0.946 1 2.145 0.269 0.607 1 0.133 0.297 0.589
Season 1 578.9 5.053 0.030 1 4713 3.295 0.077 1 25.964 3.259 0.079 1 4.929 10.974 0.002
Sites: Season 1 1314.7 11.475 0.002 1 1862 1.302 0.261 1 0.347 0.044 0.836 1 0.166 0.369 0.547
Residuals 39 114.6 41 1430 40 7.968 41 0.449
Collector-filterer Sites 1 2530.5 14.692 <0.001 1 16.1 0.053 0.819 1 0.2031 0.416 0.523 1 16.133 2.774 0.103
Season 1 409 0.237 0.629 1 472 1.546 0.221 1 0.0019 0.004 0.950 1 0.215 0.037 0.849
Sites: Season 1 31.2 0.181 0.673 1 6 0.02 0.889 1 0.0006 0.001 0.973 1 0.025 0.004 0.948
Residuals 39 172.2 41 305.3 40 0.488 41 5.815

Df: degree of freedom and MS: mean square.



Water 2016, 8, 99 90f15

Table 5. Summary of two-way ANOVAs for habit trait groups at different sites and seasons.

. GS HC GS WD
Variable Factors
Df MS F value P Df MS F value P Df MS F value P Df MS F value P
Clinger Sites 1 22,552 8.083 0.007 1 101 0.008 0.931 1 1482 1.667 0.204 1 178 0.244 0.624
Season 1 4444 1.593 0.214 1 26,049 1.98 0.167 1 20,344 22.891 <0.001 1 15,216 20.925 <0.001
Sites:Season 1 139 0.05 0.825 1 20,930 1.591 0.214 1 3729 4.196 0.047 1 1428 1.963 0.169
Residuals 39 2790 41 13,153 40 889 41 727
Burrower Sites 1 724.9 1.685 0.202 1 0 0 1 1 13.05 1.277 0.265 1 132.3 7.651 0.008
Season 1 452.8 1.053 0.311 1 0 0 1 1 296.82 29.041 <0.001 1 108.02 6.247 0.016
Sites:Season 1 224.6 0.522 0.474 1 7.2 1.538 0.222 1 247 0.241 0.626 1 23.89 1.382 0.247
Residuals 39 430.2 41 4.683 40 10.22 41 17.29
Swimmer Sites 1 5.32 0.154 0.697 1 997.6 7.484 0.009 1 1191.7 4.004 0.052 1 80 3.538 0.067
Season 1 52.31 1.511 0.226 1 537.6 4.033 0.051 1 1262.1 4.24 0.046 1 537.8 23.774 <0.001
Sites:Season 1 0.27 0.008 0.930 1 281.2 2.11 0.154 1 11.8 0.04 0.843 1 129.6 5.728 0.021
Residuals 39 34.61 41 133.3 40 297.6 41 22.6
Sprawler Sites 1 650,630 6.106 0.018 1 187 0.161 0.690 1 13.88 0.368 0.547 1 627,853 6.191 0.017
Season 1 33,788 0.317 0.577 1 3245 2.789 0.103 1 117.05 3.106 0.086 1 66,881 0.66 0.421
Sites:Season 1 12,351 0.116 0.735 1 884 0.76 0.388 1 90.46 24 0.129 1 104 0.001 0.975
Residuals 39 106,549 41 1164 40 37.69 41 101,408
Climber Sites 1 129.1 9.62 0.004 1 187 0.161 0.690 1 73.3 3.445 0.071 1 0.03333 0.382 0.540
Season 1 11 0.82 0.371 1 3245 2.789 0.103 1 7.12 0.335 0.566 1 0.02917 0.334 0.566
Sites:Season 1 35.27 2.628 0.113 1 884 0.76 0.388 1 29.08 1.367 0.249 1 0.00292 0.033 0.856
Residuals 39 13.42 41 1164 40 21.28 41 0.08729

Df: degree of freedom and MS: mean square.
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In the NMS ordination for each stream, the distribution of the sampling units reflected seasonality
rather than the differences among sites (first two stress values in GR: 22.4, HC: 14.9, GS: 22.3 and
WD: 14.7) (Figure 2). For example, in HC, sampling units were clearly differentiated into three parts,
indicating seasonal effects. The sampling units in the spring (green colored symbols in Figure 3) were
located at the lower-left of the ordination map, the units in summer (sky-blue colored symbols) were
located in the upper part and the units in autumn (plum colored symbols) were ordinated towards
the lower right. In GS, seasonal effects in sampling units were shown according to axis 1. The units
in autumn were mainly located in the right part of the NMS, the units in spring were in the middle
and lastly, the units in summer were located in left part in the NMS. In the NMS ordination for each
stream over different seasons, the sampling units were ordinated mainly according to site differences,
especially in summer (Figure 3). For example, in WD in summer, the sampling units at WD1 were
mainly located in the upper parts of the ordination, the units at WD2 were in the left part and the units
at WD3 were in the right part. In GR, based on the axis 2, the units in GR1 were located in lower parts
whereas the units in GR2 and 3 were ordinated in upper parts. In addition, based on axis 1, the units
in GR2 were in the left parts whereas the units in GR3 were in the right parts of the NMS.
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Figure 2. Spatial and /or temporal changes in macroinvertebrate communities using NMS ordination
in four different headwaters. Acronyms in NMS units stand for the samples: the first numbers indicate
sampling sites (i.e., 1, 2 and 3) in each headwater and the last numbers represent replicates in each
sampling site (1, 2, 3, 4 and 5). Each axis was rescaled on the 0-100 range based on the min-max scores
of the NMS axes. (The stress values of the first two axes at GR: 22.4, HC: 14.9, GS: 22.3 and WD: 14.7).
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Figure 3. Spatial differences in macroinvertebrate communities using NMS ordination in four different
headwaters in each season. Acronyms in NMS units stand for the samples: the first numbers indicate
sampling sites (i.e., 1, 2 and 3) in each headwater and the last numbers represent replicates in each
sampling site (i.e., 1, 2, 3, 4 and 5). Each axis was rescaled on the 0-100 range based on the min-max
scores of NMS axes. (The stress values of the first two axes at GR: spring 14.8, summer 14.8, and
autumn 10.3, at HC: spring 13.4, summer 18.4, and autumn 12.3, at GS: spring 10.5, summer 16.0, and
autumn 16.4, and at WD: spring 16.8, summer 16.4, and autumn 104).

4. Discussion

Headwater streams are highly heterogeneous environments [9,10,26,55], supporting unique
faunas that can differ from those in larger downstream areas [11]. Further, spatial and seasonal
variations of various environmental factors create complex habitat conditions [56]. Upstream diversity
influences the diversity of species found downstream and thus is important for the re-establishment of
populations following local extinction events [57]. Despite the importance of headwater ecosystems
for the resilience of species diversity upstream and downstream, little attention has been given to
scale-dependent or multi-scale dependent variability in macroinvertebrate communities in headwater
streams [58,59].

Our results showed that community indices were significantly different between seasons and
sites that were closely located geographically (<500 m). The differences in species richness at the local
scale could be caused by local processes such as habitat heterogeneity [60], biotic interactions [61], and
biogeographical processes [62]. Moreover, because all the riparian zones were predominately forested,
with no anthropogenic disturbance, the main factors differentiating the community composition at the
stream and site scales likely relate to the natural variability of physical habitats and seasonal changes
(e.g., canopy cover and the degree of autumn-shed leaves) [63]. For example, the differences in riparian
vegetation, latitude, discharge rate and substrate composition prevailing among riffles and/or sites in
each stream sections influence the distributions of macroinvertebrates. The amount, magnitude, and
intensity of precipitation could also differ between headwater streams, reflecting regional differences
(i.e., southern and northern regions in Korea) [64]. In addition, each season can harbor unique habitats
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with interactions among differential environmental factors and organisms. Periphyton biomass can
be limited by light in autumn and summer but not in spring, while nutrients can limit periphyton
when light availability is higher [30]. Furthermore, seasonality in hydrology can be influential to
structure macroinvertebrate composition [65]. During spring, snow-melting can be the main source
of surface water supply as well as groundwater recharge. Particularly, in Korea, sequential floods
(i.e., summer) and droughts (i.e., autumn) are main natural disturbances in headwater streams that
affect the composition of benthic macroinvertebrate composition [66].

Differences within FFGs and HTGs were also observed among sites and seasons. Taxa associated
with a particular habit category (i.e., HTGs) exhibit certain morphological, physiological and behavioral
adaptations to various microhabitats in freshwater ecosystems [67]. They can exist at low discharge
rates compared with areas downstream because headwater streams are generally supplied by small
catchment areas [64]. Clingers have morphological adaptations (e.g., curved tarsal claws, dorsoventral
flattening, ventral gills arranged as a sucker, suction discs, and use of silk to construct attached
retreats) that allow them to cling to substrate surfaces [68]. Therefore, in this study, the differences
between hydrological variables as well as substrate compositions may have caused the significant
differences in the abundance of clingers among streams. Furthermore, scrapers showed differences
among streams and sites over time compared to other FFGs in this study. This was likely due to the
differences in stream width and canopy cover. For example, the distribution of grazing invertebrates is
directly influenced by the distribution of benthic algae, and therefore indirectly influenced by canopy
cover [69,70]. Many researchers have suggested that scraper abundance tends to exhibit small-scale
patchiness, resulting in localized variations depending on their algal food resources [29,30].

In our study, in NMS, samples were differentiated by seasons more than by spatial differences in
each headwater stream. Within each season, the longitudinal differences in benthic macroinvertebrate
communities were reflected in the NMS ordination. The units were clearly differentiated according to
site differences even though the ordination patterns in each season were dissimilar. This indicated that
in spite of their short distances between the adjacent sites in each stream (i.e., less than 500 m) without
anthropogenic disturbances, they have their own habitat characteristics among sites, which have
different resilience and resistance in comparison to seasonal effects, reflecting complicated interactions
among spatial and temporal cues.

5. Conclusions

Our study examined the structure and function of the macroinvertebrate community at two
different spatial scales during three seasons. Community and functional diversity indices varied
significantly within seasons and/or sites as well as by the category of FFGs or HTGs. In NMS, within
a single headwater stream, samples were separated by seasonality rather than spatial differences.
Within each season, sample ordination reflected site differences, suggesting that macroinvertebrate
communities respond to multiple and interacting spatial and temporal cues. Therefore, continuous
monitoring and research on the interactions between species diversity and spatio-temporal and
physiochemical effects are fundamental to maintain catchment biodiversity and to provide strategies
for watershed restoration of macroinvertebrate communities.
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