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Abstract: Understanding energy flow and nutrient pathways is crucial to reveal the dynamics and
functions of riverine ecosystems and develop appropriate conservation strategies. In this study,
we utilized stable isotopes of §'3C and 5'°N to examine the fundamental characteristics of trophic
position, trophic niche, and carbon source for the food web in the midstream of the Chishui River, a
tributary to the Yangtze River. Our results showed that stable isotope signatures among different sorts
of basal resources and consumers were significantly distinguishable and that the food chain consisted
of four trophic levels, indicating the multiple trophic pathways and long food chain length here. The
trophic guilds of fish were classified into four categories, in which herbivorous and carnivorous fish
showed greater trophic diversity and omnivorous fish had higher trophic redundancy, which meant
that there was a stable trophic niche structure in the study area. Phytoplankton and periphyton
presented the largest contributions to consumers, indicating that autochthonous productivity was
the dominant carbon source in the midstream of the Chishui River. Since the Chishui River is still in
a natural condition without any dam constructions, the autochthonous productivity, stable trophic
niche structure, multiple trophic pathways and long food chain length found here demonstrate its
high conservation value. Therefore, the strategy to refrain from damming on this river should persist
into the future.

Keywords: stable isotopes; biodiversity and conservation; dam construction; riverine ecosystem; the
Yangtze River

1. Introduction

The energy flow and nutrient pathways are fundamental characteristics of any ecosys-
tem [1-3]. The riverine ecosystem, as a distinctive system offering food resources and
habitats for aquatic organisms, has received constant attention from ecologists [4,5]. Studies
of food web structure and trophic interactions provide information on energy flow and
nutrient pathways, which can be used to investigate the dynamics and functions of riverine
ecosystems [6,7]. The knowledge of trophic position, trophic niche, and carbon source are
key components of food web studies that help us to understand species coexistence, niche
structure and species distribution, and enable us to predict changes of ecosystem proper-
ties and bottom-up and top-down processes, thereby providing a basis for biodiversity
conservation and ecosystem management [8-10].

The concept of trophic position, reflecting energy flow through the food web, has
enabled valuable insights into the functioning of riverine ecosystems, including the deter-
mination of trophic pathways and food chain length [7]. Schoener [11] and Hutchinson [12]
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found that trophic position in a given food web was limited by energy availability—longer
food chain length and more diverse trophic pathways corresponded to a greater number
of energy flows within the food web, indicating that trophic pathways and food chain
length increase with ecosystem productivity. Similarly, Kaymak et al. [13] and Hoeinghaus
et al. [14] examined trophic position in the Tozanli River, Turkey, and Parana River, Brazil,
respectively, and found that un-impounded riverine ecosystems had higher productivity
that could sustain multiple trophic pathways and greater food chain length, in comparison
to impounded riverine ecosystems through, e.g., dam construction. Dam construction
decreased the number of trophic pathways and restricted the food chain length of food
webs in these riverine ecosystems because it altered hydrological flow regimes (e.g., water
depth and velocity, magnitude and duration of flow pulses) and floodplain interactions
(e.g., sediment dynamics), negatively supporting higher trophic levels and reducing the
number of trophic pathways.

The metric of trophic niche quantitatively describes the actual space (e.g., predation
scope) or potential utilization (e.g., prey species and size) of consumers and resources,
providing a perspective from which to characterize the trophic diversity and redundancy
related to ecosystem stability [15]. For instance, McCann [16] and Odum [17] reported that
higher trophic diversity and redundancy increased the channels of nutrient availability
and offset the impacts of the loss of certain species, indicating that trophic diversity and
redundancy would give rise to ecosystem stability. In contrast, Pruell et al. [18] and
Kaymak et al. [13] suggested that anthropogenic impacts, such as nutrient inputs or the
barrier of dams, would alter the food web structure in riverine ecosystems and that this
could significantly decrease the trophic diversity and trophic niche space, thereby reducing
ecosystem stability. Therefore, determining the realized trophic niche can provide empirical
evidence that helps us to understand trophic interactions and how changes might affect
ecosystem stability.

The study of carbon sources is typically used to interpret the importance of au-
tochthonous and allochthonous organic matter, which is related to the river continuum
concept, flood pulse concept, and riverine productivity concept [19]. The river continuum
concept emphasizes that a continuous carbon transformation of terrestrial inputs from
upstream reaches is crucial in riverine systems [20]. The flood pulse concept stresses that
the organic matter supporting riverine ecosystems comes from the lateral floodplain [21].
Both of these concepts highlight the fact that riverine ecosystems derive a significant
amount of allochthonous organic carbon from terrestrial parts. The riverine productivity
concept states that carbon sources in riverine ecosystems mainly originate from the local
autochthonous productivity of aquatic vegetation and riparian zone [22]. Thorp et al. [23]
proposed that autochthonous organic matter in riverine ecosystems is more labile and may
be assimilated by consumers in larger proportions despite its lower abundance. Huang
et al. [24] also showed that autochthonous productivity was the key contributor for the
majority of riverine ecosystems in tropical and subtropical areas. Angradi [25] and Pingram
et al. [19] found that dam construction changed the natural flow regimes and the shifts
in hydrogeomorphology might increase phytoplankton production and terrestrial inputs,
and the subsidies from phytoplankton production and terrestrial inputs could affect the
availability and abundance of basal resources to consumers in the food web, leading to
potential alterations in the carbon sources that support the food web of riverine ecosystems.
However, the main energy resource variations in dammed rivers are still not clear. Thus,
evaluating the carbon source in riverine ecosystems can help us understand their trophic
status.

Stable isotope analysis is a powerful tool that has been widely used to determine
energy flows and nutrient pathways in food webs of different aquatic ecosystems [26-28].
For example, studies have utilized stable isotopes of §'3C and 5'°N to identify the dietary
variability, feeding strategy, trophic position, trophic niche shift, and nutrient source for
food webs [15,29]. Generally, the stable isotope of 515N, reflecting species resource use,
was used to determine the trophic position of organisms [30,31]. The stable isotope of §'3C,
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as an indicator for organic matter transfers, was usually used to trace the original source of
carbon [31,32]. In addition, developments of Bayesian mixing models and community-wide
metrics in conjunction with stable isotopes of §'3C and §!°N allowed estimations of the
contribution of possible prey items and the space of isotopic niche occupied by consumers
in a given food web [33].

The Chishui River is an important part of the National Nature Reserve for rare
and endemic fish of the upper Yangtze River. It is the only undammed tributary in
the upper Yangtze River basin; as such, it provides a last refuge for aquatic organisms (e.g.,
Hemiculterella sauvagei, Bangana rendahli, Ancherythroculter kurematsui) that are suffering
from risks due to the dam projects such as the Three Gorges Dam, which caused habitat
loss and changed environmental factors for aquatic organisms [34]. The Chishui River is a
typical subtropical mountain river with high biodiversity, especially for endemic fish of
the upper Yangtze River, the survival and reproduction of which depend on rapid water
flow without the barrier of dams [35]. Until now, studies on energy flows and nutrient
pathways in the Chishui River have been scarce: Zhang et al. [36] and Liu [37] described
the trophic structure and food source in headwater and downstream reaches using gut
content analysis. It is essential to explore the Chishui River’s ecosystem structure and
function to evaluate its conservation value.

Within this context, we utilized stable isotopes of §'>C and 5'°N to examine the trophic
position, trophic niche, and carbon source for the food web to examine the energy flows
and nutrient pathways in the midstream of the Chishui River. Specifically, we aimed to
explore (1) whether the ecosystem can sustain multiple trophic pathways and long food
chain length, (2) whether a stable trophic niche structure with high trophic diversity and
redundancy could be observed in the food web, and (3) whether autochthonous organic
matter is the dominant carbon source in the midstream of the Chishui River. Based on
the results obtained, we then propose strategies for biodiversity conservation and riverine
ecosystem management in the area.

2. Materials and Methods
2.1. Study Area

The Chishui River (27°20'-28°50" N, 104°45'-106°51’ E), a tributary of the upper
Yangtze River, originates from North of the Wumeng Mountains in Zhenxiong County,
Yunnan Province, and flows through Yunnan, Guizhou and Sichuan Provinces, China
(Figure 1). It has a total length of 436.5 km with a natural fall of 1473.9 m and a watershed
area of 21,010 km? [35]. The river can be divided into three sections: the upstream reaches
224.7 km long with 1274.8 m natural fall and ranges from the source to Maotai Town;
the midstream reaches 157.8 km long with 182.9 m natural fall and extends from Maotai
Town to Chishui City; and the downstream reaches 54 km long with 16.2 m natural fall
and stretches from Chishui City to the confluence with the Yangtze River in Hejiang
County [38].

In this study, we collected samples in the 18 km long reaches of Chishui City (28°29'-
28°36’ N, 105°40'-105°45' E; Figure 1), which extend from Fuxin Town to Lianyuxi Village
in the midstream of the Chishui River. This region is located in the border area of Yungui
Altiplano and Sichuan Basin in southwestern China, and the topography is dominated by
typical Danxia landforms, which are characterized by a red-bedded geomorphology of
steep cliff slopes [35]. The study area is characterized by a subtropical monsoon climate
with water temperatures from 8.8 °C in January to 26 °C in August, and an average annual
rainfall of about 1200 mm [38]. The reaches flow in channels with a softer slope and the
substrates of the riverbed are a mix of laterite and boulders [34].
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Figure 1. Map of study area (dashed box) in the Chishui River basin (shaded part). Dotted lines represent the simplification

of the river reaches.

2.2. Sample Collection

All samples for stable isotope analysis were collected from March to July 2015 (the
sampling was mainly concentrated in late March to mid-April and some uncommon fish
species were supplemented from May to July) in the midstream of the Chishui River.
The basal resources and consumers were selected for stable isotope analysis. The basal
resources included phytoplankton, particulate organic matter (POM), sedimentary organic
matter (SOM), terrestrial vascular plants, aquatic vascular plants and periphyton. For the
phytoplankton samples, about 10 L of surface water was sampled with a water bottle and
pre-filtered through a plankton net (112 pum mesh size) to remove zooplankton and large
detritus, and the phytoplankton samples were obtained by previously filtering the filtrate
with a plankton net (64 pm mesh size) and then further filtering the resultant suspension
on Whatman GF/F glass fiber filters (pre-combusted at 450 °C for 4 h, the same below).
The POM samples were obtained by pre-filtering 10 L of surface water through a plankton
net (64 um mesh size) and then further filtering the filtrate through Whatman GF/F glass
fiber filters. The SOM samples were collected by cylindrical PVC pipes at a depth of about
2 cm from the surface of sediments. Terrestrial vascular plants were collected from the
riverbank by hand. Aquatic vascular plants were collected from shallow areas by hand.
Periphyton was sampled from the riverbed or scraped from ship hulls. Terrestrial vascular
plants, aquatic vascular plants, and periphyton were rinsed with distilled water several
times to remove organisms, sediments, and any other attachments.

The consumers consisted of zooplankton, mollusks, crustaceans, aquatic insects and
fish. The zooplankton samples were collected by trawling a plankton net (112 um mesh
size) on the surface water for 10 min. The mollusks and aquatic insects were sampled by a
D-framed hand net from the riverbed. The fish were collected by gillnets (10 m long x 1.5 m
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high, 5 and 10 cm mesh size), trap-nets (5 m long), and fishhooks. The crustaceans were also
caught along with the fish. Once captured, mollusks, crustaceans and aquatic insects were
immediately distinguished, referring to Duan et al. [39] and Morse et al. [40]. Fish samples
were identified to species level following Ding [41] and Chen [42]; they were then measured
and we recorded the general biological data in the field. All samples were preserved in a
portable ice box brought to the temporary laboratory. In this study, 1-5 samples of each
species were selected for analysis and fish samples included the dominant fish species (a
total of 37 species comprise over 90% of the total fish biomass) in the midstream of the
Chishui River.

In the laboratory, zooplankton, mollusks and aquatic insects were kept alive in distilled
water for 24 h to empty the gut contents, and then zooplankton samples were filtered onto
Whatman GF/F glass fiber filters. The adductor muscle tissue of mollusks, dorsal and
foot muscle tissue of crustaceans, dorsal muscle tissue between the lateral line and dorsal
fin (with the skin and bone removed) of fish, and the whole body of aquatic insects were
processed for stable isotope analysis. The POM, SOM, phytoplankton, and zooplankton
samples were carefully washed with acid by 1 mol/L HCI to remove any carbonates.
Finally, all samples were dried at 60 °C for at least 48 h in an oven and were grounded to a
homogenous fine powder with a mortar and pestle. Samples in the form of powder were
stored in clean containers until analysis.

2.3. Stable Isotope Analysis

The stable isotope values of §!3C and 5'°N were determined at the research group
of fish ecology and conservation biology, Institute of Hydrobiology, Chinese Academy of
Sciences. The powder samples weighing approximately 200-1000 ug were transferred into
tin capsules and we measured their stable isotope values using a Delta V Advantage mass
spectrometer coupled to a Flash 2000 HT elemental analyzer (Thermo Fisher Scientific,
Waltham, MA, USA). Stable isotope values were represented by the 6 notation according to
the following equation: 5X (%o) = [(Rsample /Rstandard) — 1] X 1000, where X is 13C or 1N
and R represents the stable isotope ratio (3C/12C for carbon, >N /1#N for nitrogen). The &
notation is in units of parts per mil (%.). The standard reference materials were based on
Vienna Pee Dee Belemnite (VPDB) for carbon and atmospheric N for nitrogen [43,44]. In
this study, USGS40, USGS41, and UREA-Thermo were used as working standard materials
and interspersed in the sequence. The analytical precision for both §!3C and 5!°N was
approximately 0.1%o.

2.4. Data Analysis

The divergence of §'3C and §'°N for different sorts of basal resources and consumers
was detected by the Kruskal-Wallis non-parametric ANOVA test [45]. The trophic level
(TL) was calculated by the following formula: TL = (§"°Neonsumer — 8°Npaseline)/3-4 + A,
where 8N onsumer is the stable isotope value of the consumer being calculated, 519 Npaseline
is the stable isotope value of the baseline organism, 3.4 indicates the trophic fractionation
of 8'°N per trophic level, and A represents the trophic level of the baseline organism [31].
In this study, Limnoperna lacustris, which was assumed to exclusively feed on simple basal
resources, was chosen as the baseline organism and A was attributed as trophic level 2. A
hierarchical cluster analysis based on Bray—Curtis similarity was performed on §'3C and
815N values to assign the trophic guild of fish, and feeding types of fish were assigned from
the literature [36,46]. Non-metric multidimensional scaling (NMDS) was used to verify
the trophic guild classification and analysis of similarities (ANOSIM) was conducted to
examine the differences among all pairs of trophic guilds [47]. Global R-statistic values
of ANOSIM, which oscillate from -1 to +1, represent the degree of similarity between
guilds. R-statistic values close to 0 indicate no difference between guilds, while R-statistic
values close to —1 or +1 correspond to a significant divergence between guilds. Results
were considered statistically significant at p-values of less than 0.05.
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We used the trophic niche metrics proposed by Layman [15] to estimate the trophic
niche of fish in the midstream of the Chishui River. The §°N range (NR) is the distance
from the most depleted to the most enriched 5'°N values between species and provides
information regarding food chain length. The 5'3C range (CR) is the distance from the
most depleted to the most enriched §'3C values between species and is used to estimate
the diversity of food sources. The total area of the convex hull (TA) and corrected standard
ellipse area (SEAc) represent the total niche space and core niche space occupied by
species, respectively, and are considered as proxies for niche breadth. The mean distance
to the centroid (CD) is the average Euclidean distance of each species to the centroid and
provides information about the average degree of trophic diversity. The mean nearest
neighbor distance (MNND) is the mean Euclidean distance to each species’ nearest neighbor,
providing a measure of overall density of species packing. The standard deviation of nearest
neighbor distance (SDNND) is a measure of the evenness of species packing. Low MNND
and SDNND values suggest increased trophic redundancy.

Finally, the SIAR mixing model based on the Bayesian linear equations was used to
determine the proportional contributions of basal resources to consumers [48]. Previous
studies reported that the trophic fractionations were from 0% to 1%o in §'3C and from 3 %o
to 4%. in 5!'°N between neighbor trophic levels in aquatic ecosystems [49]. The trophic
fractionation conducted in the SIAR mixing model, as used in this study, was proposed by
Post [31] for §'3C (0.40 & 1.30%o0) and 5'°N (3.40 = 1.00%).

Statistical analyses were conducted in the software of PAST 3.0 [50], PRIMER 5.2.9 [51],
and packages ‘SIBER” and ‘SIAR” in R 3.6.1 [52].

3. Results
3.1. Isotopic Values and Trophic Levels

In this study, significant differences were observed in §!*C and 8'°N values among the
different sorts of basal resources (Kruskal-Wallis ANOVA, p < 0.01). The 513C values of basal
resources ranged from —32.14 £ 0.73%. to —21.54 £ 0.31%., of which the aquatic vascular
plant Alternanthera philoxeroides expressed the highest §!>C depletion and the periphyton
Chara showed the highest 513C enrichment (Table 1, Figure 2). The 515N values of basal
resources varied from 0.97 &£ 0.30%o to 6.36 £ 0.24%o (Table 1). The periphyton Chara was
the most 5'°N depleted and phytoplankton were the most §'°N enriched (Figure 2).
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Table 1. Stable isotope (613C and §'°N) signatures for basal resources and consumers in the midstream of the Chishui River.

813C (%) 815N (%0)
Species Code n Feeding Type TL
Range Mean + SD Range Mean + SD
Basal resources
POM POM 4 —26.39 to —25.48 —25.83 £0.34 1.91 t0 2.78 242 +0.32
SOM SOM 3 —27.20 to —27.11 —27.14 £+ 0.04 1.19t0 2.26 1.75 + 0.44
Terrestrial vascular plants
Bamboo leaves B.lea 3 —28.29 to —27.08 —27.62 £0.51 4.20t05.73 5.15 £ 0.68
Conyza canadensis C.can 3 —31.84 to —30.79 —31.25 £ 0.44 0.85to0 1.77 1.43 £ 041
Aquatic vascular plants
Alternanthera philoxeroides A.phi 3 —32.70 to —31.10 —32.14 £0.73 2.48 to 4.46 3.26 - 0.86
Polygonum hydropiper Phyd 3 —30.65 to —29.71 —30.15 £+ 0.38 3.01 to 5.89 471+1.23
Periphyton
Filamentous green algae Falg 3 —23.93 to —23.21 —23.55 £ 0.30 0.51 to 1.47 1.03 £+ 0.40
Chara Char 3 —21.93 to —21.17 —21.54 +£0.31 0.64 to 1.37 0.97 £0.30
Phytoplankton Phyt 3 —25.98 to —25.62 —25.78 £0.15 6.14 t0 6.70 6.36 + 0.24
Consumers
Invertebrates
Zooplankton Zoop 3 —26.01 to —25.18 —25.66 £ 0.35 4.96 to 6.83 5.74 £0.79 2.39
Zoobenthos
Mollusks
Bellamya quadrata B.qua 5 —24.07 to —21.83 —22.71 £ 097 2.59 t0 3.26 3.00 £0.30 1.58
Limnoperna lacustris Llac 3 —24.12 to —23.69 —23.93 £0.18 432to04.52 4.43 £ 0.08 2.00
Crustaceans
Sinopotamon chishuiense S.chi 3 —23.50 to —22.67 —23.09 £ 0.34 6.27 to 7.95 7.15 £ 0.69 2.80
Macrobranchium nipponense M.nip 3 —23.12 to —22.68 —22.94 £ 0.18 4.06 to 4.15 412 +0.04 1.91
Aquatic insects
Gomphidae larvae G.lar 2 —22.90 to —21.47 —22.18 £0.71 4.57t05.94 5.26 - 0.68 2.24
Cybister larvae Clar 3 —25.29 to —24.78 —25.12 +0.24 3.16 to 4.82 4.07 £ 0.69 1.89
Fishes
Acrossocheilus monticolus Y A.mon 5 Benthivores —25.20 to —23.71 —24.30 £ 0.52 10.33 to 11.11 10.61 £ 0.28 3.82
Ancherythroculter kurematsui Y Akur 5 Benthivores —23.89 to —22.89 —23.25 £ 0.34 7.46 t0 10.00 8.84 £0.93 3.30
Bangana rendahli % B.ren 1 Herbivores - —24.50 £+ 0.00 - 7.74 + 0.00 2.98
Carassius auratus C.aur 5 Detritivores —22.58 to —20.40 —21.87 £0.79 6.95 t0 10.71 8.59 £147 3.22
Ctenopharyngodon idellus C.de 5 Herbivores —23.16 to —21.17 —22.20 £ 0.83 5.09 to 6.45 5.79 £ 0.53 2.40
Culter alburnus C.alb 4 Omnivores —23.71 to —22.65 —23.09 £+ 0.42 7.551t09.15 8.45 £ 0.62 3.18
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813C (%) 815N (%o)
Species Code n Feeding Type TL
Range Mean £ SD Range Mean £ SD
Culter mongolicus C.mon 4 Piscivores —2292to0 -21.71 —22.20 £ 0.45 8.56 t0 9.29 9.05+0.29 3.36
Cyprinus(Cyprinus) carpio C.car 5 Omnivores —23.64 to —21.43 —22.65 £0.94 5.22t09.93 721 £1.76 2.82
Gobiobotia filifer G.fil 3 Benthivores —23.18 to —21.80 —22.45 £ 0.57 8.84 to 10.15 9.53 + 0.54 3.50
Hemibarbus labeo H.lab 5 Benthivores —23.43 to —22.60 —22.94 £+ 0.30 8.14 to 10.43 9.31 +0.84 3.44
Hemibarbus maculatus H.mac 5 Benthivores —23.71 to —21.82 —22.61 £+ 0.69 7.92 to0 8.79 8.35 £+ 0.37 3.16
Hemiculter tchangi % H.tch 5 Detritivores —24.72 to —23.16 —23.82 £ 0.56 6.25 to 7.47 6.85 1+ 0.50 2.71
Hemiculterella sauvagei Y& H.sau 5 Benthivores —23.51 to —23.16 —23.28 £0.12 6.08 to 7.98 6.99 + 0.60 2.75
Leiocassis crassilabris L.cra 5 Omnivores —22.87 to —21.60 —22.31 4041 7.85 to 11.04 10.11 +£1.21 3.67
Leptobotia elongata % L.elo 5 Piscivores —22.36 to —21.85 —2211£0.17 8.55 to 11.76 10.37 £1.36 3.75
Megalobrama pellegrini % M.pel 2 Benthivores —21.29 to —21.14 —21.21 +£0.07 8.20 to 8.25 8.22 £ 0.02 3.12
Mystus macropterus M.mac 5 Benthivores —21.98 to —21.58 —21.81 £0.16 8.71 to 11.58 9.65 + 1.04 3.54
Onychostoma sima O.sim 3 Herbivores —25.28 to —23.55 —24.30 £0.73 5.03t08.17 6.92 +1.36 2.73
Parabotia bimaculata % Pbim 5 Benthivores —23.97 to —22.36 —23.52 £0.59 11.02 to 11.41 11.22 £ 0.13 4.00
Parabotia fasciata Pfas 3 Benthivores —23.84 to —22.45 —23.28 £ 0.60 11.02 to 12.19 11.52 £ 0.50 4.09
Pelteobagrus fulvidraco P.ful 5 Omnivores —21.76 to —20.32 —21.33 £0.53 9.39 t09.97 9.68 +0.20 3.54
Pelteobagrus nitidus Pnti 5 Omnivores —22.65 to —22.18 —22.44 £ 0.20 8.08 to 10.24 8.70 £ 0.82 3.26
Pelteobagrus vachelli P.vac 5 Omnivores —22.91 to —21.96 —22.50 £+ 0.38 9.09 to 10.66 10.25 + 0.59 3.71
Platysmacheilus nudiventris % Pnud 5 Benthivores —23.40 to —20.44 —22.44 £1.08 9.32t010.84 10.25 £ 0.52 3.71
Procypris rabaudi % Prab 5 Benthivores —22.92 to —21.78 —22.25£0.37 8.47 to 10.43 9.83 +0.73 3.59
Pseudobagrus truncatus Ptru 5 Benthivores —24.39 to —22.13 —22.96 £+ 0.85 7.13 t0 9.55 8.37 £0.85 3.16
Pseudolaubuca sinensis P.sin 5 Benthivores —24.10 to —22.97 —23.51 £ 0.44 8.47 t0 10.39 9.424+0.71 3.47
Rhinogobio typus R.typ 5 Benthivores —24.05 to —22.81 —23.43 £ 047 7.80t0 10.78 9.33 £1.27 3.44
Saurogobio dabryi S.dab 5 Detritivores —22.62 to —22.36 —22.47 £ 0.09 7.47 to 8.40 7.88 +0.30 3.02
Silurus asotus S.aso 5 Piscivores —25.94 to —21.04 —24.56 £ 1.80 7.38 to 11.94 8.56 & 1.70 3.22
Sinibrama macrops S.mac 1 Herbivores - —25.22 £ 0.00 - 5.77 £ 0.00 2.40
Siniperca chuatsi S.chu 5 Piscivores —23.41to —22.14 —22.68 £ 0.49 10.12 to 11.44 10.69 £ 0.44 3.84
Siniperca scherzeri S.sch 1 Piscivores - —22.32 £0.00 - 12.81 £ 0.00 447
Sinogastromyzon szechuanensis S.sze 5 Benthivores ~25.01 to —24.26 —24.59 + 0.24 9.71t0 10.76 10.15 + 0.38 3.68
Szechuanensis %
Spinibarbus sinensis S.sin 5 Benthivores —23.45to —21.78 —22.65 £ 0.67 5.06t07.94 7.19 £ 1.07 2.81
Squalidus argentatus S.arg 5 Benthivores —22.84 to —22.26 —22.54 £0.20 7.22t0 8.11 7.83 £0.33 3.00
Xenocypris davidi X.dav 1 Omnivores - —24.86 & 0.00 ——— 8.76 &+ 0.00 3.28

n represents number of samples analyzed, SD represents standard deviation, TL represents trophic level, % represents endemic species of the upper Yangtze River.
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Figure 2. Stable isotope (5'3C and §'°N) signatures bi-plot for basal resources (green dots), inverte-
brates (red diamonds), and fishes (black triangles) in the midstream of the Chishui River.

There was also a significant difference in §!3C and §!°N values among different sorts
of consumers (Kruskal-Wallis ANOVA, p < 0.01). Compared with the basal resources in
the midstream of the Chishui River, the §3C and 5°N values of consumers were more
enriched. The §!3C values of consumers ranged from —25.66 + 0.35%0 to —21.21 = 0.07%o,
with the most depleted 5'3C values in the zooplankton and the most enriched 5'C values
in the fish species Megalobrama pellegrini (Table 1, Figure 2). The §'°N values of consumers
changed from 3.00 + 0.30%. for the most depleted §'°N values in the mollusk species
Bellamya quadrata to 12.81 + 0.00%o for the most enriched §'°N values in the fish species
Siniperca scherzeri (Table 1, Figure 2).

Food chain length in the midstream of the Chishui River consisted of four trophic levels
and the trophic levels of consumers ranged from 1.58 to 4.47, of which the lowest trophic
level was composed of the mollusk species Bellamya quadrata and the highest trophic level
was occupied by the fish species Siniperca scherzeri (Table 1). Consumers at lower trophic
levels were mainly invertebrates (mollusks and aquatic insects) that showed more depleted
815N values and their trophic levels ranged from 1.58 to 2.80, whereas the higher trophic
levels were dominated by fish whose trophic levels ranged from 2.40 to 4.47 (Figure 2).

3.2. Trophic Guilds and Trophic Niche

Based on the stable isotope signatures and feeding types, the fish in the midstream
of the Chishui River could be classified into four trophic guilds (92% similarity level):
herbivores (Guild I), herbivore-based omnivores (Guild II), carnivore-based omnivores
(Guild III), and carnivores (Guild IV) (Figure 3). Herbivores (Guild I) and herbivore-based
omnivores (Guild II) represent the lower trophic levels, while the higher trophic levels are
occupied by the trophic guilds of carnivore-based omnivores (Guild III) and carnivores
(Guild 1V). The result of the NMDS ordination was in good agreement with the guild
classification by hierarchical cluster analysis (Figure 3). The §'3C and 5'°N values among
trophic guilds were significantly different by the ANOSIM test (p < 0.05) (Table 2). The
NMDS ordination and ANOSIM tests verified the results of the trophic guild classification
of fish in the midstream of the Chishui River.
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Figure 3. Hierarchical cluster analysis (Bray—Curtis similarity) and non-metric multidimensional
scaling (NMDS) ordination based on 513C and 5°N signatures for trophic guilds of fish in the
midstream of the Chishui River. Guild I represents herbivores; Guild II represents herbivore-based
omnivores; Guild III represents carnivore-based omnivores; Guild IV represents carnivores.

Table 2. Analysis of similarity (ANOSIM) to each pair of trophic guilds of fish in the midstream of
the Chishui River.

ANOSIM Guild I Guild II Guild III Guild IV
Guild I 0.02 0.01 0.01
Guild I 0.56 0.00 0.00

Guild III 0.99 0.72 0.00
Guild IV 1.00 0.94 0.60

Guild I represents herbivores; Guild II represents herbivore-based omnivores; Guild III represents carnivore-based
omnivores; Guild IV represents carnivores.

As the metrics of trophic niche have shown, the guild of herbivores (Guild I) had higher
values in the §!3C range (CR) and the guild of carnivores (Guild IV) had higher values in
the 5!°N range (NR); the corrected standard ellipse area (SEAc), the total area of the convex
hull (TA), and the mean distance to the centroid (CD) were also larger for carnivores (Guild
IV) and herbivores (Guild I) (Table 3, Figure 4). These results indicate that herbivores
(Guild I) and carnivores (Guild IV) exhibited greater trophic diversity. However, the
herbivore-based omnivores (Guild II) and carnivore-based omnivores (Guild III) exhibited
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lower mean nearest neighbor distance (MNND) and standard deviation of nearest neighbor
distance (SDNND), which indicates that the omnivores had higher trophic redundancy
(Table 3, Figure 4).

Table 3. Trophic niche metrics for trophic guilds of fish in the midstream of the Chishi River.

Metrics Guild I Guild II Guild III Guild IV
NR 0.02 191 1.99 2.71
CR 3.02 222 2.29 2.49

SEAc — 1.85 1.45 2.62
TA — 1.76 3.26 3.49
CD 1.51 1.03 0.84 1.04

MNND — 0.39 0.34 0.46

SDNND — 0.27 0.19 0.44

13

12

31N(%)

. Guild 1 .
T I T T
=25 =24 =23 =22
33C(%o)

Figure 4. Isotopic niche for trophic guilds of fish in the midstream of the Chishui River.

3.3. Contributions of Basal Resources to Consumers

Periphyton presented the greatest contribution to zooplankton (average 24%), mol-
lusks (average 65%), crustaceans (average 48%) and aquatic insects (average 36%), and the
POM and SOM contributed subordinately to zooplankton and aquatic insects (average
18-19%) (Table 4). For the trophic guilds of fish, the periphyton (average 33%) contributed
greatly to herbivores (Guild I), while POM (average 20%) had a minor contribution to this
guild. Phytoplankton (average 44%) and periphyton (average 45%) contributed signifi-
cantly to herbivore-based omnivores (Guild II), and phytoplankton contributed mostly to
carnivore-based omnivores (Guild III) and carnivores (Guild IV), with an average contribu-
tion rate of 77% and 95%, respectively (Table 4). These results indicate that phytoplankton
and periphyton were fundamental nutrient sources in the midstream of the Chishui River.
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Table 4. Contributions (95% Bayesian credible interval) of basal resources to consumers in the midstream of the Chishui River.

Aquatic Vascular

Terrestrial Vascular

Consumers Plants Plants Phytoplankton Periphyton POM SOM
Range Mean Range Mean Range Mean Range Mean Range Mean Range Mean

Invertebrates
Zooplankton 0.00-0.25 0.11 0.00-0.29 0.14 0.00-0.29 0.14 0.06-0.40 0.24 0.00-0.36 0.19 0.00-0.35 0.18
Mollusks 0.00-0.10 0.04 0.00-0.14 0.05 0.00-0.14 0.05 0.42-0.86 0.65 0.00-0.30 0.12 0.00-0.26 0.10
Crustaceans 0.00-0.17 0.06 0.00-0.22 0.07 0.00-0.29 0.13 0.16-0.75 0.48 0.00-0.35 0.15 0.00-0.29 0.11
Aquatic inserts 0.00-0.22 0.08 0.00-0.28 0.11 0.00-0.25 0.09 0.10-0.67 0.36 0.00-0.38 0.18 0.00-0.37 0.18

Fish

Guild I 0.00-0.23 0.09 0.00-0.25 0.10 0.00-0.22 0.11 0.11-0.60 0.33 0.00-0.39 0.20 0.00-0.35 0.17
Guild II 0.00-0.05 0.02 0.00-0.06 0.02 0.32-0.54 0.44 0.33-0.56 0.45 0.00-0.14 0.05 0.00-0.08 0.03
Guild IIT 0.00-0.02 0.01 0.00-0.02 0.01 0.72-0.83 0.77 0.13-0.25 0.19 0.00-0.02 0.02 0.00-0.03 0.01
Guild IV 0.00-0.02 0.01 0.00-0.02 0.01 0.90-0.99 0.95 0.00-0.04 0.02 0.00-0.03 0.01 0.00-0.02 0.01
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4. Discussion
4.1. Trophic Position

The §!3C values of basal resources varied from —32.14%o to —21.54%0 and consumers
ranged from —25.66%. to —21.21%. (Table 1, Figure 2). Significant differences in 5!°C
values among the sorts of basal resource indicated various transformations of basic energy
through the food web [53,54]. We found that 5!3C values were increased moving up the
trophic level, but the increases were not so evident, and the 513C values of consumers were
closer to the §'3C values of periphyton and phytoplankton, suggesting that periphyton and
phytoplankton may be the primary energy source for the food web. The divergence of §'3C
values among the sorts of basal resources in our study are consistent with previous research,
which enabled us to effectively discriminate different sources of carbon transfers to the
food web in riverine ecosystems [29,55,56]. Moreover, the 515N values of basal resources
were simultaneously depleted from 0.97 %o to 6.36%. and consumers ranged from 3.00 %o to
12.81%o (Table 1, Figure 2). The 8'°N values were gradually increased moving up the food
chain, indicating that different sorts of basal resources and consumers were situated in
distinct trophic positions in the food web [57,58]. We also found that the phytoplankton had
higher 5!°N values than some consumers, indicating the rapid response of phytoplankton
to physiology and habitat changes. The characteristics of various transformations in §!3C
values and continuous increases in §!°N values with the food chain for basal resources
and consumers suggest that there were multiple trophic pathways in the midstream of the
Chishui River.

We selected the mollusk species Limnoperna lacustris as the baseline organism to
calculate the trophic level of consumers. This is in concordance with Post [31] and Vander
Zanden [59], who summarized that zooplankton, mussels, and snails are suited to being
employed as baseline organisms in numerous aquatic ecosystems because of their slow
isotope turnover and stable response to environmental variation. The food chain length in
the midstream of the Chishui River consisted of four trophic levels, in which invertebrates
and herbivorous fish (Guild I) were at a lower trophic level, omnivorous fish (Guild II and
Guild IIT) mainly belonged to the second or third trophic level, and carnivorous fish (Guild
IV) occupied the highest trophic level (Figures 2 and 4). The characteristics of food chain
length in our study are similar to studies in the Deluge Inlet, Australia [60] and North
Selangor Peat Swamp, Malaysia [4], which demonstrated that riverine ecosystems with
high productivity could support such long food chain lengths.

Our findings indicate that the riverine ecosystem in the midstream of the Chishui
River sustained multiple trophic pathways and long food chain length (top trophic level at
4.47 for the fish species of Siniperca scherzeri), which indicates a high ecosystem productivity
in this area [61]. The results correspond to the energetic hypothesis which states that the
food chain length is generally maintained at three to four trophic levels and not higher
than six trophic levels, as the food chain length is often restricted by the availability
of limiting food resources, and energetic transfer efficiencies along the food chain are
typically low [14,62,63]. Current research has shown that dam constructions breaking the
connectivity of riverine ecosystems would consequently affect the energy transfer and
shift species composition (especially for endemic fish species) of food webs in riverine
ecosystem due to the changes in hydrological conditions and barrier effects [64,65]. For
instance, Wang et al. [64] determined the food chain length in the Three Gorges reservoir
area and found that the food chain length in this area mainly consisted of three trophic
levels. Kaymak et al. [13] also found that impoundment provided a highly homogeneous
habitat for basal resources, such as phytoplankton, and led to primary consumers having a
more simplified diet, which caused a decrease in trophic pathways and food chain length
in riverine ecosystems. This supports the notion that the strategy to keep the Chishui
River undammed is crucial for the conservation of endemic aquatic organisms and the
preservation of a highly productive and diverse food web.
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4.2. Trophic Niche

The metrics of isotopic niche can be used to quantitatively analyze stable isotope rep-
resentations of trophic niches, and provide empirical and conceptual examples for trophic
diversity and redundancy related to ecosystem stability [15]. In this study, herbivorous
fish (Guild I) and carnivorous fish (Guild IV) possessed a greater trophic diversity, while
omnivorous fish (Guild Il and Guild III) held a higher trophic redundancy in the midstream
of the Chishui River (Table 3, Figure 4). Our findings show that the high degree of trophic
diversity and redundancy, with evenly distributed trophic interactions among coexisting
species of fish, promotes a stable trophic niche structure in the midstream of the Chishui
River. Similar results have been observed in several other aquatic ecosystems (e.g., [28,66]),
which showed that high trophic diversity and redundancy were necessary to maintain
ecosystem stability for increasing the channel of resource utilizations and the ability to
resist external disturbances.

Nevertheless, Hadwen and Arthington [67] and Hoeinghaus et al. [14] showed that
pollutant inputs and dam construction in riverine ecosystems can have significant effects
on ecosystem stability. For example, East [55] found that sampling sites with high nutrient
inputs had lower §!3C ranges, §!°N ranges, and total area of the convex hull (TA) in
the Pecos River, United States. Kaymak et al. [13] reported that trophic diversity and
redundancy were decreased for the fish assemblage upstream of the dam in the Tozanli
River, Turkey. Furthermore, the findings by Wang et al. [64] suggested that the negative
impacts on the trophic diversity and redundancy from reduced flow and increased water
depth occurred after the completion of the Three Gorges Dam. These results demonstrate
that anthropogenic impacts can directly influence the trophic niche structure in riverine
ecosystems. Here, we consider the midstream of the Chishui River to have a high degree
of ecosystem stability and to be less affected by anthropogenic impacts, so it is a last refuge
for endemic fish and other aquatic organisms in the upper Yangtze River.

4.3. Carbon Source

In this study, the autochthonous organic matter from phytoplankton and periphyton
plays an essential role in providing basic energy for the food web in the midstream of
the Chishui River (Table 4). Likewise, Delong et al. [68] analyzed the linkages between
food sources and consumers in the upper and middle Mississippi River, United States,
and illustrated that autochthonous carbon was the basic carbon source for the food web in
the main channel. Autochthonous organic matter was also considered to be a key carbon
source in tropical and subtropical riverine ecosystems, such as middle Cooper Creek,
Australia [69] and Teles Pires River, Brazil [70]. In contrast, Wang et al. [71] and Winemiller
et al. [72] proposed that allochthonous organic matter from the terrestrial parts contributed
significantly to the food web of the middle Yangtze River, China, and Monkey River, Belize,
respectively.

The results of our study suggest that autochthonous productivity is the dominant
carbon source for the food web in the midstream of the Chishui River. This indicates
that the riverine productivity concept is more applicable in the midstream of the Chishui
River [22]. Additionally, the basal resources of POM and SOM also provided a certain
amount of contributions to the food web, implying that allochthonous carbon sources from
terrestrial parts may provide supplementary energy supports [20,21]. Zhang et al. [36] and
Liu [37] also examined the food source of the headwater and lower reaches of the Chishui
River and demonstrated that algae supplied the most energy to the food web. Hence, we
infer that autochthonous organic matter probably provides the key energy support for food
webs in riverine ecosystems of tropical and subtropical mountains [73,74].

Specifically, Thorp et al. [23] recognized that most suspended organic carbon from
terrestrial parts is refractory within the riverine ecosystem and is difficult for consumers
to assimilate. Therefore, the quantity and quality of labile autochthonous organic matter
would make it a more suitable and digestible carbon source than the more refractory
allochthonous organic matter transported from upstream or the floodplain [23,75]. Several
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studies have shown that human modification by constructing dams changed the natural
conditions, which alters the carbon source for a large proportion of riverine ecosystems
in the world [19,64]. Yao [76] explored the carbon sources and showed that terrestrial
carbon sources have an important contribution to the fish communities in the Three Gorges
Reservoir, and the contribution will continue to increase with the ascension of water storage.
However, it is still not clear whether the major energy resources may be altered in dammed
rivers, for example from autochthonous to allochthonous. Yet the Chishui River, as the
only undammed tributary supported by autochthonous productivity in the upper Yangtze
River basin, still remains in a natural and healthy condition.

5. Conclusions

In summary, dam construction in the upper Yangtze River has caused severe habitat
fragmentation for endemic aquatic organisms, especially for fish. The Chishui River, as the
only tributary without damming in the upper Yangtze River basin, deserves great attention.
Our study on energy flows and nutrient pathways provides the evidence that there are
multiple trophic pathways, a long food chain length, a stable trophic niche structure and
autochthonous productivity for the food web in the midstream of the Chishui River. This
evidence indicates that the midstream of the Chishui River is an essential habitat for the
conservation of endemic fish and other organisms in the upper Yangtze River, and is
therefore of great conservation value. We propose that the Chishui River should remain
undammed in the future to facilitate the conservation of the biodiversity it supports.
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