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Abstract: The effect of hyporheic exchange on macroinvertebrates is a significant topic in ecohydraulics.
A field study was conducted during May and June 2017 to investigate the impacts of magnitude and
patterns of hyporheic exchange on the sediment macroinvertebrate community in the Weihe River basin.
The results demonstrate that upwelling flows cause resuspension of riverbed sediment, increasing
the proportion of swimmer groups (such as Baetidae) in the macroinvertebrate community. However,
large resuspension of river bed sediment results in a reduced abundance of macroinvertebrates.
By controlling the transport processes of dissolved oxygen (DO), dissolved organic carbon (DOC),
nutrients, temperature, and different patterns of hyporheic exchange strongly influence the structure
of macroinvertebrate communities. Downwelling is more likely to produce rich invertebrate
communities than upwelling. The magnitude for the hyporheic flux of 150–200 mm/d was optimal
for the macroinvertebrate community in the Weihe River Basin. Above or below this rate results in
a decline in community abundance and diversity. We suggest that research is conducted to better
understand the effects of hyporheic exchange across bedforms on macroinvertebrate communities.
The study supports any activities to preserve the ecological functions and health of rivers dominated
by fine-grained sediments.
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1. Introduction

Macroinvertebrates are an important biological part of the river system and they are used as
indicators of ecosystem integrity and productivity [1–3]. Thus, investigation of the macroinvertebrate
community response to aquatic ecosystems has been a hotspot [4]. The hyporheic zone (HZ), which is
the volume of riverbed sediments where surface water (SW) and groundwater (GW) are mixing [5,6],
is a storage zone in river ecosystems for transported and released solutes [1,7,8]. Many ecological
processes are related to hyporheic exchange, because this affects the substrate properties and water
quality and produces physicochemical gradients to which macroinvertebrates are sensitive [9,10].
Therefore, hyporheic exchange not only provides key ecological processes [11], but more importantly
affects the development of macroinvertebrate communities in river ecosystems [10,12]. Actually,
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hydrology, ecology, and organisms were jointly applied to assess the dynamic interactions among
them [13–16]. Thus, the significance of hyporheic exchange in linking macroinvertebrates has emerged
as a relevant component of riverine ecosystem conservation and human sustainable development [9,17].

Previous studies have shown that surface water-groundwater exchange can stimulate the turnover
of dissolved organic carbon (DOC) from terrestrial ecosystems or surface river backflowing [5,18].
However, organic matter and oxygen are important electron donors and acceptors for biological
respiration processes, and their concentration can limit the distribution of macroinvertebrates [18,19]. It
has been also confirmed that nutrients, such as dissolved inorganic nitrogen, and temperature dynamics
of surface water (SW) or groundwater (GW), which control water chemistry processes, are strongly
regulated by exchange fluxes [20,21]. Nitrogen nutrients are converted into essential substances, such as
organic nitrogen (nucleic acids, proteins), through biological activities [22]. However, excessive nutrient
loading leads to large modifications in the biodiversity of macroinvertebrate communities [23]. The life
and assemblage of macroinvertebrates are strongly associated with river thermal regimes, and extreme
temperatures reduce the productivity of the community [20,24]. Additionally, hyporheic exchange has
significant implications for the resuspension/deposition processes of fine organic particulates in bed
sediment, which alter ecosystem properties [25–30]. Deposited sediment could be swept away when
the magnitude of hyporheic exchange increases [31]. Actually, the physical properties of sediment
determine the habitat availability and distribution of macroinvertebrates [19,29]. Deposition can
evolve a stable floodplain as a habitat for invertebrates [32,33], but large resuspension/deposition
could damage the macroinvertebrate community by physical, chemical, and indirect effects, such
as abrasion, clogging, gradients of oxygen, and food availability [34,35]. Although a few studies
involve the impacts of hyporheic flow patterns on the vertical distribution of certain species [19,36],
previous studies have not yet identified the potential changes in macroinvertebrate communities
under hyporheic flow conditions [10,11]. Hence, it is necessary to investigate the magnitude and
pattern (upwelling and downwelling) of hyporheic exchange, as they influence the dynamics of redox
conditions and matter [37], and to characterize macroinvertebrate community structures using metrics
such as abundance, composition, and diversity [36,38]. Additionally, water chemistry and sediment
properties should be considered [18,19,34,36,39,40].

In this study, the results from a field investigation carried out in the Weihe River and Beiluo River,
which belong to the Weihe River Basin, are presented. The objectives of the present study are—(i) to
explore the effects of hyporheic exchange pattern on the macroinvertebrate community in sediment,
and (ii) to discuss the effects of hyporheic exchange magnitude on the macroinvertebrate community
inside the sediment.

2. Materials and Methods

2.1. Study Area

The field study was conducted in the Weihe River basin, which covers an area of 134,766 km2

(104◦00′E–110◦20′E, 33◦50′N–37◦18′N) in northwestern China, during May and June 2017 (Figure 1a).
The Weihe River, which is 818 km long and is the largest tributary of the Yellow River, originates in
Gansu Province, and through the Guanzhong Plain of Shaanxi Province, discharges into the Yellow
River. The Weihe River basin is a typical alluvial plain sandwiched between the Qinling Mountains in
the south and the Loess Plateau in the north. Substrates in the Weihe River mainly consisted of clay,
fine sand, and gravel. The Weihe River, fed by rainfall concentrated on July to October, has a mean
annual runoff of 7.57 × 106 m3 and is also the main water supply in the Guanzhong region. The Beiluo
River is the largest tributary of the Weihe River, with a total length of 680 km. It originates in Shaanxi
Province, and flows from northwest to southeast and discharges into the Weihe River with a mean
annual runoff of 0.94 × 106 m3. On account of passing through the Loess region, Beiluo River is a sandy
river with an annual sediment transport of 95.9 million tons. The Weihe River and Beiluo River are
located in semiarid regions. Previous studies have shown that these two rivers are suitable for in situ
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testing on hyporheic exchange and have an abundant macroinvertebrate community [41,42]. In this
investigation, 21 sampling sites in the alluvial plain were considered—12 sites (W1–W12) in the Weihe
River and 9 sites (BL1–BL9) in the Beiluo River (Figure 1a). These rivers offer invertebrates the habitat
which is mainly consisted of clay and fine sand.
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Figure 1. (a) Map with the location of field sampling sites in the Weihe River basin, and (b) Schematic
diagram of the temperature probe and Polyvinyl Chloride (PVC) pipe.

2.2. Hyporheic Exchange Determination

A temperature probe (Figure 1b), which was equipped with thermistors on the metal tube, was
inserted into the riffle downstream of the channel where no bridges or sharp bends were located, to
measure the temperature of sediment at five different depths (0.0, 0.1, 0.2, 0.3, and 0.45 m) and hence,
the temperature gradients were used to identify the patterns of hyporheic exchange [43]. Temperature
measurements were recorded every 24 seconds by the data logger for approximately 30 min [44]. In
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steady-state conditions, the one-dimensional advection–conduction heat transport equation in the
vertical direction for an incompressible fluid in a homogeneous porous medium was [45]:

∂2Tz

∂z2 −
Cfρfq

kfs

(
∂Tz

∂z

)
= 0 (1)

where z is the cartesian coordinate z (m); Tz represents the temperature at any depth z (◦C); q indicates
the magnitude of hyporheic exchange flux (m/s, generally converted to mm/d). The remaining
parameters are listed in Table 1. Assuming the following boundary conditions

Tz = T0 at z = 0 (2)

Tz = TL at z = L (3)

The solution for Equation (1) is:

Tz − T0

TL − T0
= f(β, z/L) =

exp(βz/L) − 1
exp(β) − 1

(4)

where T0 and TL are the uppermost and lowermost temperature measurement, respectively (◦C); L is
the vertical distance between the two boundaries (m); β is a dimensionless parameter, which could be
positive or negative depending on whether q is downward or upward (Equation (5)).

β =
CfρfqL

kfs
(5)

Values of β are obtained from a set of type-curves which are arithmetic plots of f(β, z/L) against z/L
for different β values. The specific value of β is determined by a curve matching the measured data.
Boyle and Saleem [46] used a computer procedure to calculate ((TZ − T0))/((TL − T0)) as z changes
from 0 to L, and computed the value of F(β) (Equation (6)). Arriaga and Leap [47] used Microsoft Excel
Solver to obtain the optimum value of β which yielded the minimum value of F(β).

F(β) =
z=L∑
z=0

[
Tz − T0

TL − T0
−

exp(βz/L) − 1
exp(β) − 1

]2

(6)

Table 1. Parameters used for the calculation of hyporheic fluxes and Rouse number.

Parameter Symbol
Value

Unit
Weihe River Beiluo River

Thermal conductivity [48,49] kfs 1.765 1.618 J s−1 m−1 K−1

Specific heat of fluid [48,49] Cf 4224 4224 J kg−1 K−1

Density of fluid ρf 1000 1000 kg m−3

Vertical distance L 0.45 0.45 m
Turbulent Schmidt number [28,50] ScT 1 -
Von Kármán constant [51] κ 0.41 -
Fall (settling) velocity [52] ws related to particle size m s−1

Roughness height [53] ks 0.003 m

Finally, hyporheic exchange flux can be estimated as Equation (7).

q =
kfsβ

CfρfL
(7)
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Table 1 lists the value of the parameters in Equation (7). Negative and positive values of q represent
upwelling and downwelling, respectively.

2.3. Water and Sediment Sampling

Water samples were collected at a depth of 0.5 m below the river surface in the flow direction,
using a polyethylene bottle of 1 L [54], and preserved using concentrated sulfuric acid for analysis
by lowering the pH to <2. Water samples were stored in an icebox at 4 ◦C before laboratory analysis.
The measured parameters and methods are listed in Table 2. Two measurements were taken for
each sample, and the average value was calculated for further analysis. The chemical parameters
of river water samples were subjected to the principal component analysis (PCA) in CANOCO 5
version (Software for Canonical Community Ordination) to determine the significant environmental
variables due to hyporheic exchange. Redundancy analysis (RDA, SD < 3) was performed to identify
associations between the dominant family and major environmental variables [24].

Table 2. Determination of environmental conditions.

Parameter Method Accuracy

Total phosphorus (TP) The ammonium molybdate spectrophotometric
method (GB 11893-89, China) L 0.01 mg·L−1

Total nitrogen (TN) The alkaline potassium persulfate digestion-UV
spectrophotometric method (HJ 636-2012, China) L 0.01 mg·L−1

CO3
2−, HCO3

− Titration by standard acid solution (HCl) L 0.01 mg·L−1

NH4
+, NO3

−, NO2
−, PO3

2− Ion chromatograph (Dionex-AQ, USA) L 0.001 mg·L−1

pH
Multiparameter water quality meter (HACH
HQ40d, USA) F

0.01
Dissolved oxygen (DO) 0.01 mg·L−1

Oxidation-reduction potential (Eh) 0.1 mV
Water temperature(T) 0.1 ◦C
Flow velocity Velocimeter (MGG / KL-DCB) F 0.001 m·s−1

Note: F (measured in the field), L (measured in lab).

Sediment samples (three replicates within an area of 1 m2) were collected from 0 to 45 cm layers
using a PVC pipe (lengths of 160 cm and an inner diameter of 5.4 cm, Figure 1b) and every sample
was placed in labelled bags to send to the laboratory [38]. All sediment samples were air-dried,
screened for 20 minutes through different sieves for separation and each fraction was weighed by
electronic-analytical balances (BT224S, 0.001 g). Grain size data were used to derive the cumulative
distribution functions (CDFs). D50 was considered as a representative particle size parameter [52,55].
Thus, Rouse numbers were calculated to identify the predominant mode of sediment transport, i.e.,
bed load and suspended load. In this study, Rouse numbers were calculated using the fall velocity of
D50 particle size of the sediment [28]. The Rouse number is defined as:

ZR =
ScTws

κu∗
(8)

where ws is the fall (settling) velocity of the particle (m s−1). ScT is the turbulent Schmidt number [52].
κ is von Kármán constant, and u* is the shear velocity (m s−1), as in Equation (9). Shear velocity could
be related to the average velocity as

u∗ = U

√
f
8

(9)

where U is the water average velocity (m s−1) and f is the Darcy–Weisbach friction factor (dimensionless),
which usually could be calculated through the Colebrook–White formula [53].

1
√

f
= −2 log10

(
ks

3.7DH
+

2.51

Re
√

f

)
(10)
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where ks is roughness height (m). DH is the hydraulic diameter (m), and Re is the Reynolds number.
Haaland [56] has proposed the following approximate solution of Equation (10).

1
√

f
= −1.81 log10

6.9
Re

+

(
ks

3.7DH

)1.11 (11)

The values of the above parameters are listed in Table 1. The approach of Whipple [57] was
applied to classify sediment transport as wash load (ZR < 0.8), suspended load (0.8 < ZR < 2.5), and
bed load (ZR > 2.5).

2.4. Macroinvertebrate Sampling

Macroinvertebrates (three replicates) were sampled using a Surber sampler (area of bed covered
0.09 m2, 0.3 mm mesh) within 5 m of the sediment sample. The quantitative sampling protocol followed
Stark [58]. We rinsed the net thoroughly several times between replicates to concentrate and remove the
macroinvertebrate from the net into a polyethylene bottle. We then preserved the sample by adding
75% ethanol. Macroinvertebrates were identified in the laboratory at the family level using a stereo
dissecting microscope [59–61]. The characteristics of the macroinvertebrate community at each site
were described using the following metrics—abundance (N), dominance index (Y, Y > 0.02), diversity
metrics: Pielou evenness index (J) [62], Shannon–Wiener diversity index (H) [63], and Margalef richness
index (D) [64]. These metrics are largely applied in the literature [12,39]. These indicators derived the
structural and composition metrics to present the macroinvertebrate community characteristics [39].
Independent-sample t-tests were performed on the hyporheic flux patterns and macroinvertebrate
indices were calculated at each site to determine the effect of exchange patterns on the macroinvertebrate
community. In this study, higher taxonomic levels of data classified by living habits (burrowers,
swimmers, climbers, sprawlers, clingers, and divers) were used [65–67], because macroinvertebrates are
sensitive to habitat changes [68,69].

3. Results

3.1. Hyporheic Exchange Fluxes and Macroinvertebrate Community

All the sampling sites had a stable hydrological condition, without any abrupt environmental
changes. The median values of hyporheic exchange were taken for further analysis and are shown in
Table 3. The Kolmogorov–Smirnov test result of the flux fits a normal distribution at the site in both
the Weihe River and Beiluo River (p = 0.106, p = 0.112). Upwelling and downwelling with different
magnitudes were observed during the study (Table 3).

A total of 3942 macroinvertebrates from 22 families were identified in the Weihe River and
Beiluo River (Table 3). Burrowers, including Chironomidae (dominance index in the Weihe river (Yw)
= 0.21, dominance index in the Beiluo river (YB) = 0.64), Tubificidae (Yw = 0.35, YB = 0.18), and
swimmers, such as Baetidae (Yw = 0.07), which are the most dominant families, were largely observed
in sampling sites. In addition, a quantity of clingers (e.g., Hydropsychidae), climbers, sprawlers, and
divers was also observed (Figure 2 and Table 3). The average values of abundance and diversity index
of macroinvertebrates in downwelling (232 individuals, H = 1.56, J = 0.72, D = 2.20) were greater
than those for upwelling (138 individuals, H = 1.17, J = 0.56, D = 1.53) (Figure 2c). Compositions of
communities were different between the upwelling and downwelling. Ten families (approximately
46% of the total number of families) were found in both upwelling and downwelling sites, such as
Chironomidae and Tubificidae. Eight families (approximately 36% of the total number of families) were
found only in downwelling sites, such as Dryopidae and Planorbidae. Four families (approximately
18% of the total number of families) were found only in the upwelling sites, such as Aeschnidae and
Gammaridae (Table 3).
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Table 3. Hyporheic exchange flux, families of communities, and Rouse number.

Site Magnitude of Flux
(mm/d)

Rouse Number
(ZR, Mode) Families of Communities

Upwelling

W1 −179.48 0.47 (w) Chironomidae (U, D)
Tubificidae (U, D)
Dryopidae (D)
Hydropsychidae (U, D)
Perlidae (U, D)
Staphylinidae (D)
Tipulidae (U, D)
Aeschnidae (U)
Lymnaeidae (U, D)
Macromiidae (D)
Physidae (U, D)
Planorbidae (D)
Saldidae (U)
Viviparidae (D)
Ephydridae (D)
Herpodellidae (U, D)
Gammaridae (U)
Glossiphonidae (U)
Psychodidae (D)
Baetidae (U, D)
Corixidae (D)
Dytiscidae (U, D)

W2 −108.15 0.93 (s)
W3 −93.12 0.26 (w)
W4 −143.42 1.15 (s)
W6 −114.48 -
W8 −298.10 2.07 (s)
W9 −247.66 -
BL6 −55.39 -
BL7 −88.74 -
BL8 −226.30 0.06 (w)

Downwelling

W5 147.75 -
W7 98.68 0.20 (w)

W10 125.41 3.70 (b)
W11 224.76 -
W12 103.32 -
BL1 233.59 -
BL2 131.92 3.70 (b)
BL3 177.01 -
BL4 88.10 -
BL5 49.68 -
BL9 91.42 -

Note—wash load (w), suspended load (s), bed load (b), found at upwelling site (U), found at downwelling site (D).
Rouse numbers for W5-W6, W9, W11-BL1, BL3-BL7, and BL9 were smaller than 0.8 and they are not listed.
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3.2. Sediment Transport and Water Quality

The Rouse number for uniform clay sites was smaller than 0.8 and it is not listed. The sediment
transport mode was significant different between all sampling sites (average = 2.09, variance = 2.09)
(Table 3). Compared to the downwelling (average = 2.53, SD = 2.20), upwelling flow tended to produce
notable resuspension (average = 0.82, SD = 0.73), such as W2, W4, and W8.

Principal component analysis (PCA) for the chemical characteristics of river water samples was
performed. Figure 3a shows the environmental variance of the Weihe River and the first two PCs
can identify 72.2% of the information in the raw data. Figure 3b represents the Beiluo River and the
first two PCs have the cumulative interpretation of a variance of 85%. There were some parameters
correlated with the two PCs (correlation coefficient with horizontal or vertical axis greater than 0.5),
such as CO3

2−, HCO3
−, NO2-N, NO3-N, NH4-N T-N, TP, DO, and T (temperature). The results of an

independent-sample t-test performed on the hyporheic flux patterns and concentration of chemical
indictors demonstrated that NH4-N (p = 0.027) and HCO3

− (p = 0.049) were significantly influenced by
the hyporheic exchange patterns. Several upwelling sites (yellow circle) were positively correlated
to NH4

+, NO3
−, and TN concentrations (Figure 3a), speculating upwelling sites were trending to be

positively correlated to NH4
+, NO3

−, and TN concentrations (Figure 3a). Several downwelling sites
(blue circle) were highly correlated to the HCO3

− concentrations (Figure 3b), indicating downwelling
sites were correlated to HCO3

−/CO3
2− concentrations (Figure 3a). However, temperature (p = 0.246)

was not significantly affected by hyporheic patterns. Both upwelling and downwelling sites appearing
in green circles were close to the temperature arrow (Figure 3a), indicating two patterns of hyporheic
exchange were all strongly correlated to the water temperature. Therefore, curves of the magnitude
with temperature, downwelling with Rouse number, DO, HCO3

−, CO3
2−, and upwelling with nutrient

(NO3-N, NO2-N, NH4-N) were fitted (Figure 4). Water temperature of downwelling was greater than
that of the upwelling (Figure 4b). Dissolved oxygen increases with the magnitude, which was greater
than 150 mm/d (Figure 4c). The HCO3

− and CO3
2− increased as the magnitude increased and reached

a maximum at a hyporheic flux of 150–200mm/d. It was lower than the level of flux (250–300 mm/d)
reaching the maximum nutrient concentrations (Figure 4d,e).

3.3. Influence of the Pattern of Hyporheic Exchange on Macroinvertebrates

The abundance of macroinvertebrate communities at upwelling/downwelling sampling sites
showed variability (Figure 2a). Although the difference in macroinvertebrate abundance at the
upwelling sites was relatively small (SD = 76.32, abundance = 138), the downwelling process was more
prone to high abundance (SD = 287.22, abundance = 232) (Figure 2a). Additionally, the swimmer group
had an average community composition of 20.59%, 43.41%, and 0.50% in the wash load, suspension
load, and bed load, respectively. Obviously, it increased under resuspension (Table 3, Figure 2b).
The abundance of macroinvertebrates under high suspended load and bed load was significantly
larger than that for high wash load (RSD = 67.3% and 66.2%). The results of independent-sample
t-tests demonstrated that the Shannon–Wiener index (p = 0.047) and Margalef index (p = 0.017) were
significantly influenced by the hyporheic exchange patterns. Additionally, the average values of
the Shannon–Wiener indices (H = 1.56) and Margalef indices (D = 2.20) in downwelling sites was
significantly greater than in upwelling sites (H = 1.17, D = 1.53). Thus, macroinvertebrates in upwelling
sites was found to have lower diversity and richness than in downwelling sites (Figure 2c).
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Redundancy analysis (RDA) was used to explain the relationship between the principal family and
the major environmental variation (i.e., HCO3

−, NO3-N, NH4-N, T-N, DO, temperature) (Figure 3c).
The data from the Weihe River and Beiluo River were combined to increase the reliability of RDA
analysis results (W11, W12, and BL9 sites with a few individuals not included). The first two axes
explained 93.64% of the variations (p = 0.048 < 0.05). RDA analysis indicated that Hydropsychidae
had a strong dependence on TN. Chironomidae was positively correlated to HCO3

−, NH4-N, and T-N.
Tubificidae was positively correlated to the temperature. Baetidae was strongly influenced by NH4-N
and negatively correlated to temperature.

3.4. Influence of the Magnitude of Hyporheic Exchange on Macroinvertebrates

The magnitude of hyporheic fluxes was divided into four classes, corresponding to 50–100,
100–150, 150–200, and 200–250 mm/d (points in other ranges were too few to be considered, Figure 5).
All mean index values of abundance and diversity indices (N = 368; H = 2.14; J = 0.81; D = 2.70) of
150–200 mm/d (represented by the color different from the other three classes) were greater than other
classes, indicating the richest or most diverse macroinvertebrate community was found at this level
(Figure 5). Below the magnitude, such as for 50–100 mm/d and 100–150 mm/d, increasing flux was
associated with a greater abundance and diversity of macroinvertebrates. Beyond the magnitude, i.e.,
above 200–300 mm/d, the macroinvertebrates were less and diversity of community was declined.
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4. Discussion

4.1. Effect of Upwelling Dynamics on Macroinvertebrate Communities

Upwellings did not produce as rich invertebrate communities as downwelling. This is consistent
with the conclusions of the studies in Speed River in southern Ontario, Canada, and in southern
Hawke’s Bay, New Zealand [36,37]. Strong upwelling could directly carry the tiny organisms away
from the sediment. More importantly, it simultaneously returns sediment to the surface layer, especially
fine particles, enhancing resuspension [25,70]. It is difficult for the organisms to survive in the sediment
with too many fine particles, as they create a physical barrier by clogging, with burial effects on the
macroinvertebrate community [35,71]. However, the macroinvertebrate abundance under resuspension
in this study was not significantly reduced in comparison with the bed load. This finding is likely
attributable to the different adaptive performances of macroinvertebrates in the suspension. Total
suspended solid (TSS) increases drive the movement of organisms and spread of the macroinvertebrates
from the cluster by physical effects [35,72], affecting the community structure. Burrowers can inhabit
the deeper sediment because of their ability of building channels [73]. However, the large resuspension
allowed the swimmer group, especially Baetidae, to gather on the surface and to drift away from the
riverbed. In this study it was clear that TSS increased the swimmer proportion in the community due
to its aggregation. Therefore, the effect of sediment resuspension on burrowers (the most dominant
habit group in the community) was weak, yet the effect on swimmers is greater. This is in agreement
with the study of the effects of resuspension on macroinvertebrates in the Cinca River [40]. A low
rate of resuspension, compared to the large rates, caused few macroinvertebrates to drift away from
the riverbed, resulting in an abundant community in the Weihe River. Similarly, the abundance
of macroinvertebrates decreases in drift related to sediment load, which has been reported for the
Pyrenean river [40]. Therefore, a low suspended load is beneficial to the community to maintain
its abundance.

On the other hand, groundwater acts as the principal source of nitrogen and phosphorus on account
of the agricultural soil leaching and filtration, as well as underground low oxygen environments [22,74].
Therefore, upwelling sites were positively correlated to NH4

+, NO3
−, and TN concentrations (Figure 3a).

This indicated that groundwater upwelling could transport nutrients from the aquifer to the stream [48].
However, different nitrogen nutrients had different effects on the diverse family, and may even have
negative effects (Figure 3c). Thus, nutrient concentrations may also degrade the structure and function
of the macroinvertebrate community and reduce biological diversity [59,75].

4.2. Effect of Downwelling Dynamics on Macroinvertebrate Communities

In this study, it was difficult to observe the significant effect of downwelling on sediments
because of the limited data. However, downwelling may cause relatively coarse particles in bed
sediment [25], which, in turn, may prevent the damage of macroinvertebrates from fine sediment.
Severe deposition caused by an accumulation of particle sediments through downwelling could prevent
macroinvertebrates from being buried in deeper sediments [19,25]. Therefore, it is worthwhile to study
the effect on the macroinvertebrates of the downwelling on the sediment. Actually, experiments in
streams using trays filled with substrata should be conducted in future research to investigate the
response of macroinvertebrates to sediment deposition [76].

The hyporheic zone receives oxygen from the surface water only [9]. Downwelling dictates oxygen
concentration in the HZ [77]. No single family showed a response to DO that was markedly stronger
than another family (Figure 3c). This indicates that all these major families had a universal dependence
on DO, which it is associated with the widespread aerobic respiration in macroinvertebrates [78,79].
Therefore, DO carried by the downwelling provides the necessary conditions for a rich community
to some extent. Macroinvertebrate metabolism consumes organic matter and produces dissolved
inorganic carbon (DIC, mainly the greenhouse gas CO2), affecting surface water quality [80,81].
Downwelling was more correlated with HCO3

− and CO3
2− than upwelling (Figure 3a,b). Moreover,
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groundwater had a low organic matter content, and it was not considered as a major source of organic
matter supporting hyporheic organisms [82]. This indicated that downwelling can affect the growth of
invertebrate communities by removing organic matter from the river, which controls their metabolism.
This finding is supported by the literature on carbon cycling [77,83]. Chironomidae were dependent on
HCO3

− (Figure 3c), hence, their demand for organic matter was more pronounced. This is consistent
with Lee [84], who found that decomposition of leaf litter increased dissolved CO2, and subsequently
promoted the growth of the Chironomidae community. Thus, downwelling may allow Chironomidae to
become the dominant family.

Both patterns of hyporheic exchange participate in the regulation of temperature [21], and maintain
a suitable thermal niche (temperature range) for macroinvertebrate survival [85]. Actually, whichever
environment and pattern of hyporheic flux provide temperatures closer to the macroinvertebrate
requirements would likely be preferred. Consequently, preference of different families for upwelling or
downwelling could depend on different environments, such as regions and seasons. It was found that
temperature was correlated with Tubificidae and Baetidae in the Weihe River basin during the test period
(Figure 3c). Water temperature in the Weihe River basin adjusted by upwelling or downwelling to be
maintained at 16–27 ◦C, which is close to the temperature (15–25 ◦C) found by Lou [72], increases the
growth rate of Tubificida. Additionally, Tubificidae is a pollution-tolerant oligochaete that can tolerate
the adverse effects of temperature fluctuations and pollutants caused by different exchanges [81].
Therefore, Tubificidae can persist in both upwelling and downwelling sites, promoting the dominance
of the burrower in the community (Figure 3a). Water temperature of downwelling was greater than that
of the upwelling (Figure 4b). However, larval of Baetidae growth was exponential in low temperatures
(11 ◦C) [86], which is another reason for the Baetidae increase in upwelling.

Collectively, upwelling is controlling the transport of nutrients from groundwater to the river and
it easily produces suspended particles in the river. By contrast, downwelling is controlling the transport
of DOC and DO from the river to the groundwater. Deposition caused by particle accumulation
through downwelling needs to be further studied. Temperature regulation is the common mechanism
in both upwelling and downwelling (Figure 6) [36,87].
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4.3. Effect of Hyporheic Exchange Magnitude on Macroinvertebrate Community

Fine sediment undergoes a process of resuspension/deposition changes as the hyporheic exchange
increases (Figure 4a). This is related to the flocculation caused by the collision of resuspended particles
that accelerates the deposition rate of fine particles and forms mud [70,88]. However, it is hard to
say that the variation of sediment resuspension is only due to the fluctuations of the hyporheic flux
magnitude, because discharge, as the main driver of morphology, could generate bed mobility, resulting
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in morphological changes [89,90]. Therefore, it is still difficult to quantify the relationship between the
resuspension and the variation of hyporheic exchange magnitude. Furthermore, there are physical
actions between hyporheic exchange and river bedforms and subsurface geophysical features [7,91].
The question of whether hyporheic flow induces the bedform dynamics to affect the macroinvertebrate
community is important and should be addressed in future research.

A total of 150–200 mm/d was the optimal magnitude to promote the survival of the community in
this study (Figure 5). It is also the critical point. Macroinvertebrate communities are less sensitive
to thermal control [92], of which changing was very slow (|a| < E-6, Figure 4b). Concentration of
DO, which decreased in the optimal magnitude of macroinvertebrates, has no relationship with
the vertical hydraulic gradient produced by the hyporheic exchange [93]. Therefore, variational
temperature and DO concentrations caused by different magnitudes of hyporheic flux would not
affect the abundance and diversity of macroinvertebrate communities. Additionally, organic carbon
assimilated by macroinvertebrates is increasing as the magnitude increases (Figure 4d) [94]. The
magnitude (250–300 mm/d) that had the maximum concentrations of nutrients was higher than
the magnitude (150–200 mm/d) that had the highest abundance, biodiversity, HCO3

−, and CO3
2−

concentrations (Figure 5), indicating that the decrease of abundance and diversity could be related
to the excessive nutrients [22]. Thus, during the investigation of the Weihe River basin, hyporheic
exchange with a rate of 150–200 mm/d provided sufficient organic carbon, stable temperature, and DO,
as well as appropriate nutrients for the macroinvertebrates, ensuring an abundant and rich community.
Below 150–200 mm/d, organic carbon supply to the invertebrate community could be insufficient.
Above 150–200 mm/d, a large quantity of nutrients could limit their development. Future research can
explore the classification criteria of the classes and conduct experiments at more sites to improve the
accuracy of the results. Anyway, more research on the investigation of the optimal magnitude of the
macroinvertebrates is welcome.

5. Conclusions

In this study, the effect of the pattern and magnitude of hyporheic exchange on the
macroinvertebrate community of the Weihe River basin was presented and discussed. The data
were collected during a field test conducted in these rivers in May and June of 2017.

Downwelling controlled the transport processes of dissolved oxygen (DO) and dissolved organic
carbon (DOC), which are commonly required for macroinvertebrates. It produced abundant and rich
macroinvertebrate communities and was beneficial to Chironomidae to become the dominant family. In
contrast, upwelling improved the proportion of swimmers (e.g., Baetidae) in the macroinvertebrate
community by sediment resuspension, yet resulted in a reduced abundance within the overall
macroinvertebrate community. Moreover, upwelling was responsible for transporting nutrients.
However, different responses (promoted or restricted) of each family to diverse nitrogen nutrients
results in the nutrients delivered by the upwelling meant they were not necessarily beneficial to all
individuals and families in the community. Both upwelling and downwelling regulate the water
temperature and could provide a suitable thermal niche that promotes the growth of Tubificidae. A
rate for the hyporheic flux of 150–200 mm/d was optimal for the macroinvertebrate community in the
Weihe River basin. However, below this rate, any increase of rate could boost the organic carbon to
promote their abundance and diversity. Exceeding this range may provide high concentrations of
nutrients to the community which limits their development.

This study supports any activities to preserve the ecological functions and health of the rivers
dominated by fine-particle sediment (sand and clay). However, the effects of hyporheic fluxes across
bedforms on macroinvertebrate communities could be investigated in future studies. In addition to
invertebrates, other large organisms and their behaviors, such as salmonid spawning, are also affected
by hydrological processes, gravel quality [95], and temperature [96]. To better identify the effect of
downwelling and upwelling on organisms, the larger scale biotic responses (such as fish) should be
also assessed.
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