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MEANDERING CUTOFF RESHAPES THE TROPHIC CHARACTERISTICS OF MACROINVERTEBRATES IN THE UPPER YELLOW RIVER BASIN
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Meandering is one of the most common river patterns all over the world. Due to the meandering cutoff, river channels are abandoned, and form into oxbow lakes, which are the typical lentic habitats distinguished from lotic main channels. The compositional changes in macroinvertebrates in response to the meandering cutoff have been widely investigated. However, how this fluvial process influences the trophic characteristics of macroinvertebrates remains unclear. In this study, we surveyed 29 patches in the Bai River on the Qinghai-Tibet Plateau, and categorized them into four types of habitats, namely sand-bed river habitat (SA), cobble-bed river habitat (CB), plesiopotamal oxbow habitat (OI), and paleopotamal oxbow habitat (OII), according to the environmental conditions. For each type of habitat, a representative food web of macroinvertebrates was constructed, and the carbon storage as well as flux in the food web was estimated based on the biomass balance model. Our results showed that oxbow habitats (OI, 125 mg·m-2; and OII, 213 mg·m-2) not only possessed much higher carbon storages than river habitats (SA, 4 mg·m-2; and CB, 63 mg·m-2), but also provided more carbon fluxes (OI, OII, SA, and CB: 347, 762, 10, and 158 mg·m-2·yr-1, respectively). Hydrological connectivity variations, as results of meandering fluvial process, played important roles in influencing trophic characteristics of macroinvertebrates—as the oxbow less connected to the main channel, the food web became better structured and more stable, and the carbon storage and flux accordingly increased. This study revealed the significance of natural meandering cutoff in improving the floodplain ecology on the high plateau area from the trophic perspectives.
1 extended abstract
The Qinghai-Tibet Plateau (QTP) serves as the origins of numerous large rivers, and is thus well known as the ‘water tower of Asia’. Rivers and streams in the QTP are particularly influenced by high altitude, low temperature and strong radiation, and are featured with oligotrophy and hypometabolism[1]. Primary productivity (e.g., algae and macrophytes) and secondary productivity (e.g., zooplanktons and zoobenthos) in rivers and streams in the QTP are documented to be markedly low, leading to degradations in diversity and complexity of aquatic assemblages compared with those in lowland rivers. As a result, rivers and streams in the QTP are extremely sensitive to the external stress—aquatic assemblages in this region not only persist weakly to the disturbance but also consume a markedly long time to recover once disturbed. 
As one of the most common fluvial process happening all over the world, the meandering cutoff creates a typical river-floodplain system by frequently abandoning channels and forming oxbow lakes. As a result, hydrological connectivity within the system is highly varied, resulting in a marked influence on biotic assemblages. However, how this hydrological connectivity variation resulted from meandering cutoff influences the trophic characteristics of macroinvertebrates on the QTP remains far away from well understood.
To this end, we sampled macroinvertebrates and surveyed environmental conditions on a typical meandering river—the Bai River on the QTP from 2105 to 2016, and performed food web analyses on representative habitats in the Bai River basin using biomass balance model. The objectives of this study are: (1) to estimate the biomass storage and flux within the food web; (2) to compare the structural and energetic differences among habitats in the main channel with those in the oxbow lake; and (3) to analyze how the trophic characteristics of macroinvertebrates respond to variations of the hydrological connectivity resulted from the meandering cutoff.
The Bai River, as one of the major tributaries of the upper Yellow River, stretches over 270 km on the northeastern QTP, and has a catchment area of 5,500 km2. No intense anthropogenic disturbances, except for yak grazing, are reported in this basin, which allows free meandering of the Bai River along most of its reaches. There are two major types of tributaries to the Bai River because of heterogeneous peat distributions: the cobble-bed in the peat-free area and sand-bed in the peat area. From 2015 to 2016, a total of 29 sampling sites were selected in the Bai River basin for the macroinvertebrates sampling and environmental survey. Eleven of the 29 sampling sites were located in the rivers and the remaining 18 in the oxbow lakes, which were scattering around the corresponding river sites. 
Given the predation preference matrix, the biomass flux along the web was then estimated using the biomass balance model based on the Lotka-Volterra system[2]. The biomass balance model would yield a predation flux matrix for the food web. The rate of biomass change for a primary producer is defined as:
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where BP and Bi are the biomasses of primary producer P and consumer i, respectively, t is the time; rP is the net growth rate of P, and f(BP) is the functional response of i to P, characterizing how i adapts its attack rate to changes in biomass of P. The rate of biomass change for a consumer is then defined as: 
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where Bj is the biomass of food source j fed by i, Bk is the biomass of consumer k predating on i, ai is the assimilation efficiency of i, pi is the production efficiency of i, and di is the non-predation death rate of i. The rate of biomass change for a consumer is then defined as: 
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where BD is the biomass of particulate organic matters (POMs) D (detritus), and RD is the allochthonous source of D, including all POMs that enters from outside the system.
Hierarchical clustering based on environmental conditions (i.e. flow velocity v, substrate size D50, substrate evenness SC, dissolved oxygen DO, electronic conductivity Con, pH, macrophyte biomass BMMP, etc.) classified the 29 sites into four habitat types: the sand-bed river habitat (SA, six sites), the cobble-bed river habitat (CB, five sites), the plesiopotamal oxbow habitat (OI, seven sites) and the paleopotamal oxbow habitat (OII, 11 sites). The hydrological connectivity for the four types of habitats ranked as (SA, CB) > OI > OII.
In the habitat of SA, CB, OI and OII, the biomass storages of macroinvertebrates were 4, 63, 125 and 213 mg·m-2, respectively (Fig. 1). In general, macroinvertebrates biomass in oxbow lakes (low connectivity) was significantly higher than that in the river channel (high connectivity). To be specific, OII with the lowest connectivity, possessed the highest biomass, which was 53.3, 3.3 and 1.7 times higher than SA, CB and OI, respectively. In OII, freshwater snails dominated in the assemblages by contributing to 42.8% of the biomass storage; in OI, chironomids accounted for most of the biomass (58.5%); in CB, shredders (33.8%), scrappers (31.7%) and gatherers (28.7%) from EPT taxa contributed highest to the biomass; while in SA, chironomids (47.9%) and oligochaete worms (41.4%) almost composited the whole food web.
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Figure 1. Biomass comparisons among the four types of habitats, and the proportional biomass composition of trophic groups in each type of habitat. SA-the sand-bed river habitat, CB-the cobble-bed river habitat, OI-the plesiopotamal oxbow habitat, OII-the paleopotamal oxbow habitat.
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Figure 2. Flux of biomass among trophic groups in (a) the sand-bed river habitat, (b) the cobble-bed river habitat, (c) the plesiopotamal oxbow habitat, and (d) the paleopotamal oxbow habitat. Trophic groups: 1-macrophytes, 2-coarse particulate organic matter, 3-fine particulate organic matter, 4-alga, 5-freshwater snail, 6-scrapper, 7-shredder, 8-collector, 9-detritivorous worm, 10-detritivorous chironomid, 11-facultative herbivorous chironomid, 12-water boatman, 13-facultative predator feeding on chirionomids, 14-predaceous chironomid, 15-obligated predator feeding on chironomid, 16-predaceous mite, 17-leech, 18-water tiger, 19-predaceous diving beetle.
Biomass fluxes along food webs of the four types of habitats are shown in Fig.2, and the structural and functional characteristics of the four habitats are listed in Table 1. In general, biomass flux in the oxbow lake was significantly higher than that in the main channel, ranking in the order of OII (762 mg·m-2·yr-1) > OI (347 mg·m-2·yr-1) > CB (158 mg·m-2·yr-1) > SA (10 mg·m-2·yr-1). In OII, macrophytes, algae, particulate organic matters (both CPOM and FPOM) provided 48.3%, 26.2%, 8.9% and 16.5% of the base source, respectively. In OI, biomass source from macrophytes decreased to 5.0%, with algae (50.8%) and particulate organic matters (44.2%) provided more. In CB, biomass was mostly sourced from algae (60.1%).
Table 1. Comparisons on trophic characteristics among the four types of habitats. SA-the sand-bed river habitat, CB-the cobble-bed river habitat, OI-the plesiopotamal oxbow habitat, OII-the paleopotamal oxbow habitat.
	
	SA
	CB
	OI
	OII

	Trophic richness
	6
	9
	12
	14

	Connectance
	0.36
	0.33
	0.45
	0.73

	Maximal trophic level
	2.72
	3.86
	3.11
	4.38

	Biomass (mg·m-2)
	4
	63
	125
	213

	Biomass flux (mg·m-2·yr-1)
	10
	158
	347
	762

	Trophic transfer efficiency
	2.50
	2.51
	2.77
	3.58


Our results showed that the hydrological connectivity resulted from meandering cutoff was an important factor influencing the trophy of macroinvertebrates in the Bai River. Previous studies focusing on lowland all reported that the richness followed a unimodal pattern in response to the connectivity decrease, i.e. the richness peaked in an intermediate connectivity[3]. This response pattern fits well within the framework of the intermediate disturbance hypothesis[4]. However, a different pattern was observed in our study—the richness peaked in the low connectivity rather than the intermediate connectivity in the Bai River. We think the intermediate disturbance hypothesis will still work, but in terms of macroinvertebrates in high altitudes, the intermediate disturbance is likely to occur in the low connectivity (paleopotamal oxbows) rather than median connectivity (plesiopotamal oxbows). We attribute this skewness to the effects brought by the resilience decline of macroinvertebrates, and the stream size variation on the QTP.
The oligotrophy and hypometabolism due to high altitude, low temperature and strong radiation on the QTP, lead to a much weaker resilience of macroinvertebrates in the Bai River compared with those in the lowland. Therefore, macroinvertebrates in the Bai River are vulnerable to frequent hydrodynamic disturbances caused by increased connectivity, and tend to take a longer time to recover once exposed to disturbances. In addition, unlike lowland large rivers with the order of 7–8, the Bai River with small order of 3–4, is frequently exposed to intense flood events, and are therefore more likely to suffer from the intensity of high-peak and frequent flood disturbances. 
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