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Abstract
River hydrogeomorphology is a major driver shaping biodiversity and community 
composition. Here, we examine how hydrogeomorphic heterogeneity expressed by 
Functional Process Zones (FPZs) in river networks is associated with fish assemblage 
variation. We examined this association in two distinct ecoregions in Mongolia ex-
pected to display different gradients of river network hydrogeomorphic heteroge-
neity. We delineated FPZs by extracting valley- scale hydrogeomorphic variables at 
10 km sample intervals in forest steppe (FS) and in grassland (G) river networks. We 
sampled fish assemblages and examined variation associated with changes in gradi-
ents of hydrogeomorphology as expressed by the FPZs. Thus, we examined assem-
blage variation as patterns of occurrence-  and abundance- based beta diversities for 
the taxonomic composition of assemblages and as functional beta diversity. Overall, 
we delineated 5 and 6 FPZs in river networks of the FS and G, respectively. Eight 
fish species were found in the FS river network and seventeen in the G, four of them 
common to both ecoregions. Functional richness was correspondingly higher in the 
G river network. Variation in the taxonomic composition of assemblages was driven 
by species turnover and was only significant in the G river network. Abundance- 
based taxonomic variation was significant in river networks of both ecoregions, while 
the functional beta diversity results were inconclusive. We show that valley- scale 
hydrogeomorphology is a significant driver of variation in fish assemblages at a mac-
rosystem scale. Both changes in the composition of fish assemblages and the carrying 
capacity of the river network were driven by valley- scale hydrogeomorphic variables. 
River network hydrogeomorphology as accounted for in the study has, therefore, the 
potential to inform macrosystem scale community ecology research and conserva-
tion efforts.
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1  | INTRODUC TION

Fish assemblages differ among ecoregions due to diverse evolution-
ary origins and historical dispersal routes (Wiley & Mayden, 1985). 
In addition, stream fish assemblages are the product of selection 
along environmental gradients driven by differences in biological, 
chemical, topographic, and in- stream physical variables that occur 
at multiple scales associated with landscape, valley, and local stream 
conditions (Fausch et al., 2002; Frissell et al., 1986; Gido et al., 2006; 
Gorman & Karr, 1978; Sullivan et al., 2006). Most of these in- stream 
physical variables reflect the attributes of fluvial hydrogeomorphol-
ogy resulting from valley- scale variables that include floodplain 
structure and valley slope and shape (Baxter & Hauer, 2000; Boys & 
Thoms, 2006). The effects of environmental gradients on fish assem-
blages are well- studied along longitudinal river gradients (Jackson 
et al., 2001). At intermediate and small spatial scales, local environ-
mental gradients (e.g., habitat and microhabitat use) filter species 
from a regional pool leading to a realized assemblage at a local scale 
(Poff, 1997). Such gradients, while being more temporally variable, 
are often easier to measure and to correlate with fish assemblage 
than large- scale processes (Lamouroux et al., 1999). Among large- 
scale processes, the longitudinal succession of fish species (i.e., spe-
cies turnover) has been widely examined and validated. In general, 
longitudinal changes (or zonation) in fish assemblages are thought 
to be predictable as responses to longitudinal continuous gradients 
in water temperature, channel morphology, and water velocity. In 
contrast, distinct changes in fish assemblages at smaller spatial ex-
tents are considered to be responses to abrupt discontinuities in 
stream hydrogeomorphology (e.g., Belliard et al., 1997; Torgersen 
et al., 2006; Zbinden & Matthews, 2017). Such discontinuities, pri-
marily driven by valley- scale hydrogeomorphic features, often bet-
ter describe stream biocomplexity of dynamic interactions between 
communities and environmental physical parameters.

The Riverine Ecosystem Synthesis (RES, Thorp et al., 2008) por-
trays streams as a repeatable, and only partially predictable, succes-
sion of large hydrogeomorphic patches formed by drivers including 
regional geology, valley conditions, channel and valley geomorphic 
structures, and climatic and hydrologic patterns (Thoms et al., 2018; 
Thorp et al., 2006, 2008). The first tenet of the RES predicts that 
species distribution in a river network is associated primarily with 
the distribution of large spatial patches formed principally by hydro-
geomorphic forces and modified by climate and vegetation. These 
hydrogeomorphic patches, often called Functional Process Zones 
(FPZs), revealed significant associations with discrete stream assem-
blages of fishes (Elgueta et al., 2019) and macroinvertebrates (Maasri 
et al., 2019, 2021). However, how the heterogeneity of FPZs affects 
the organization of fish assemblages at the scale of a river macrosys-
tem has not been adequately explored yet.

Here, we examine how hydrogeomorphic heterogeneity, ex-
pressed by FPZs in river networks, is associated with fish assemblage 
variation. We examined this relationship in two distinct ecoregions 
in Mongolia: forest steppe (FS) and grassland (G). Mongolian riv-
ers represent ideal study sites to investigate how river network 

hydrogeomorphology drives changes in fish assemblages since most 
Mongolian rivers are relatively unimpacted by human activities. 
Mongolian rivers constitute an opportunity to study river systems 
prior to any development largely because of sparse human popula-
tion density and extreme remoteness (Mercado- Silva et al., 2008). 
Moreover, these rivers generally lack impoundments and introduced 
species. The available literature on fish assemblages in Mongolian riv-
ers is scarce, with fish assemblages only being explored in a few pub-
lications, including identification and occurrences (Kottelat, 2006; 
Mendsaikhan et al., 2017), ecology (Kaus et al., 2018; Mendsaikhan 
et al., 2016; Mercado- Silva et al., 2008; Olson et al., 2016), conser-
vation (Jensen et al., 2009), and genetics (Dulmaa et al., 2016; Kaus 
et al., 2019; Roman et al., 2018). However, variation of fish assem-
blages at the scale of entire river networks is largely unknown for 
most Mongolian drainages. Moreover, the variation of fish assem-
blages with hydrogeomorphology is still vastly unexplored.

We predict that variation in hydrogeomorphology among river 
networks located in two different ecoregions of Mongolia will have 
resulted in unique associations between fish habitats and fish as-
semblages. For example, the river network of the FS ecoregion tends 
to be high gradient, with narrow valleys that result in constrained 
banks, and displays higher seasonal hydrological variation (Figure 1). 
Fish habitats in this river network should consist of large substrata, 
high current velocity, and distinct riffle- run units. In contrast, the 
river network of the G ecoregion should be low gradient and char-
acterized by wide valleys with unconstrained banks, and more pre-
dictable hydrological variation. Fish habitats in the G river network 
should consist of small substrata, low current velocity, side chan-
nels, and less distinct riffle- run units. Thus, we hypothesized that: 
(a) Fish assemblages of both ecoregions vary with river hydrogeo-
morphology at the valley scale when the variation of assemblages is 
evaluated as patterns of beta diversity, and (b) such variation should 
result from discrete changes in both taxonomic and functional com-
positions of fish assemblages. Given that the range of valley- scale 
hydrogeomorphic variables is expected to be different among ecore-
gions, we hypothesized that (c) the variation of fish assemblages in 
association with the hydrogeomorphic gradients displayed by river 
networks would be different in the two ecoregions. Thus, greater 
range of valley- scale hydrogeomorphic heterogeneity should result 
in a greater variation of fish assemblages in the river network .

2  | METHODS

2.1 | River and site selection

We examined fish assemblages in river networks of two ecore-
gions of the temperate steppe biome in Mongolia. We sampled the 
Kherlen River network flowing across the grassland ecoregion (G) of 
eastern Mongolia and the Delgermörön and Eg Rivers, major tribu-
taries of the Selenge River network, flowing across the forest steppe 
ecoregion (FS) of northern Mongolia (Figure 2). The Kherlen River 
network flows east into China and empties into Lake Hulum (called 
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F I G U R E  1   Picture of two distinct Functional Process Zones of the hydrogeomorphic gradient established in the Delgermörön river, a 
major tributary of the Selenge river network. Picture credit: Emily Arsenault, Mongolia, 2017

F I G U R E  2   Map showing the FPZ delineation, from left to right, in the forest steppe river network (FS; portion of the Selenge river 
network) and the grassland river network (G; the Kherlen river network) in Mongolia. Sampled FPZs for fish assemblages are marked with an 
asterisk (*), and the color code used in the figure for the different FPZs is the same used in Appendix S2. Elevation (a.s.l. in m) is represented 
as a grayscale shade
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also Dalai Nuur), while the Selenge River network flows north into 
Russia and empties into Lake Baikal. These two major river networks 
are considered representative of rivers of the two ecoregions and 
are expected to display different fish assemblages.

We delineated Functional Process Zones (FPZs, also called hydro-
geomorphic patches; Thorp et al., 2006; Thorp et al., 2008) using the 
GIS- based program RESonate (Williams et al., 2013) to extract valley- 
scale hydrogeomorphic and environmental variables from existing 
geospatial datasets. Primary geospatial data inputs to the RESonate 
included the following: mean annual precipitation extracted from 
WorldClim (30 arc- second), digital elevation model (DEM, Shuttle 
Radar Topography Mission (SRTM, 30- m resolution)), geological 
maps (The National Snow and Ice Data Center's Northern circumpo-
lar soils map), and streamline data (modeled from SRTM DEMs). For 
the delineation of FPZs, we used the ten most influential variables 
for valley- scale hydrogeomorphology. We extracted these variables 
at 10- km sample intervals: elevation, mean annual precipitation, ge-
ology (i.e., soil orders and geological characteristics), valley width, 
valley floor width (i.e., floodplain), valley width- to- valley floor width 
ratio, river channel sinuosity, right valley slope, left valley slope, and 
down valley slope. For each river network, data were normalized to a 
0– 1 scale and a dissimilarity matrix was generated using a Gower dis-
similarity transformation (Gower, 1971). The Gower transformation is 
recommended for nonbiological data when the measures are range- 
standardized (Thoms & Parsons, 2003). The dissimilarity matrix was 
used in a hierarchical clustering following the Ward linkage method, 
as it provided the best partitioning of cluster groups (Murtagh & 
Legendre, 2014). Additionally, we used a principal component anal-
ysis (PCA) to identify the contributive variables most important for 
group partitioning and to describe the cluster groups based on the 
ten variables identified above. Groups were later mapped to allow 
for identification of sampling sites (see below). We performed the 
clustering of FPZ groups using the cluster package (version 2.1.0) 
(Maechler et al., 2021) and the PCA using the FactoMineR package 
(version 1.42) (Lê et al., 2008) in R version 3.6.3 (R Core Team, 2020). 
We mapped the resulting groups using ArcGIS (version 10.5).

To test our hypotheses, we established hydrogeomorphic dis-
tances among the different FPZs occurring in the FS and G river 
networks. We used PCAs computed on the valley- scale hydrogeo-
morphic variables to establish hydrogeomorphic distances as pair-
wise Euclidean distances between FPZs in the PCA bi- dimensional 
plot. Pairwise Euclidean distances were established separately 
among FPZs in each ecoregion and were measured as distances be-
tween centroids summarizing the distribution of river sections in the 
bi- dimensional plot. Euclidean distances were later used to examine 
the linear regression models between hydrogeomorphic distances 
and beta diversity (β- diversity) metrics.

2.2 | Fish collections and traits

We collected fishes from reaches representing three FPZs in the 
FS river network and five FPZs in the G river network (see below). 

Sampling FPZs was constrained by accessibility to stream sites in a 
remote region and by time limitation during a one- month field ex-
pedition to sample each ecoregion. We established reaches for fish 
collections measuring at least 20 times the mean wetted width of 
the river at the sampling area. Selected reaches were representa-
tive of FPZs based on a visual inspection. We collected fishes by 
single- pass backpack electrofishing supplemented with angling 
(Ball State University IACUC #126193) following the American 
Fisheries Society standard collection protocols (Bonar et al., 2009) 
and reported fish abundance as fish- per- meter sampled. We sam-
pled fishes during one- month expeditions in each of the river net-
works, during the month of August in 2017 for the FS and 2019 for 
the G.

Fish species identifications and ecological and biological traits 
were determined according to Mendsaikhan et al., (2017), and repro-
ductive traits were referenced from Balon (1975). Continuous fish 
traits of longevity, fecundity, and maximal length were transformed 
to categorical traits as described in Appendix S1. In total, we used 
10 traits described with 41 modalities for subsequent trait analyses.

2.3 | Community data analyses

We calculated the taxonomic and functional alpha diversities for the 
sampled FPZs in each ecoregion. Taxonomic alpha diversity (taxo-
nomic richness, TRic) is expressed as the total number of fish species 
occurring in an FPZ, while functional alpha diversity was examined 
using the computed component of functional richness (FRic). FRic 
is a multidimensional measure that represents the amount of func-
tional trait space filled by a community. The functional trait space 
is therefore computed based on a convex hull volume algorithm as 
described by Villéger et al. (2008).

We examined variation in fish assemblages, as patterns of β- 
diversity, along the hydrogeomorphic gradients displayed by the river 
networks in each ecoregion. We computed (a) taxonomic β- diversity 
metrics based on species occurrence, (b) taxonomic quantitative 
β- diversity metrics based on species abundance, and (c) functional 
β- diversity metrics accounting for the different ecological and bio-
logical traits expressed by the fish assemblages. We expected that 
taxonomic β- diversity indices for occurrence data and on abundance 
data would provide complementary information reflecting not only 
how replacement and richness difference occur among assemblages 
but also how the carrying capacities of FPZs change. Quantitative 
and qualitative pairwise taxonomic β- diversity metrics (for both oc-
currence data and abundance data) were computed as proposed by 
Baselga (2010) and Baselga (2013) in order to examine assemblage 
compositional differences between FPZs. Thus, on occurrence data 
we computed (a) the Sørensen dissimilarity index (βsor) to account for 
total compositional variation between assemblages of two FPZs, (b) 
the Simpson dissimilarity index (βsim) to capture only compositional 
changes due to taxa turnover, and (c) the nested- resultant dissim-
ilarity (βsne) calculated as the difference between βsor and βsim. On 
abundance data, we computed (d) the Ružička dissimilarity index 
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(βruz) to capture total abundance variation between FPZs in terms 
of their composition, (e) the balanced change in species abundance 
(βruz- bal), and (f) the unidirectional abundance gradient (βruz- gra). βruz re-
sults from the summation of βruz- bal and βruz- gra, two antithetic sources 
of dissimilarity. We applied Hellinger transformation on abundance 
data before computing β- diversity indices. Hellinger transformation 
offers a better compromise between linearity and resolution and 
has been recommended when simulated across ecological and geo-
graphic gradients (Legendre & Gallagher, 2001).

Pairwise functional β- diversity consisted of examining dissimi-
larities between assemblages of FPZs based on variation in volumes 
of the intersections of convex hulls in a multidimensional functional 
trait space as described by Villéger et al. (2013). For each ecoregion, 
we calculated a species- by- species Euclidean distance matrix on the 
trait data. Then, we used a metric multidimensional scaling analy-
sis (MDS, which is equivalent to a principal coordinates analysis), to 
break correlations between traits creating, therefore, orthogonal 
synthetic traits (MDS axes) that represented spectra of fish ecolog-
ical and biological niches. Coordinates of species along the first two 
MDS axes were used later on as inputs in the functional dissimilarity 
equations (Villéger et al., 2013).

We performed all computations in R version 3.6.3 (R Core Team, 
2020) and calculated the FRic using the FD package (version 1.0.12) 
(Laliberté et al., 2014), the β- diversity metrics using the betapart 
package (version 1.5.1) (Baselga & Orme, 2012), and the MDS using 
the vegan package (version 2.5- 6) (Oksanen et al., 2019).

3  | RESULTS

The FPZ delineation of the forest steppe (FS) and grassland (G) river 
networks spanned 3,380 and 2,390 km of linear river network dis-
tances, respectively. FS river sections were mainly characterized 
by higher elevation and valley slopes, while G river sections were 
characterized by wide valleys and floodplains (i.e., valley floor, see 
Appendix S2- 1). Using the hierarchical method, we established five 
and six FPZs for the FS and G river networks, respectively. The most 
contributing variable for FPZ delineation in FS was valley width, fol-
lowed by elevation and valley floor width (Appendix S2- 2). For FPZ 

delineation in G, valley floor width was the most contributing vari-
able, followed by valley width and elevation.

Euclidean distances, representing hydrogeomorphic distances, 
among FPZ were established in a PCA bi- plots summarizing 49.8%, 
and 57.9% of the total variance for FS and G, respectively (Figure 3). 
The convex hulls delimiting the sampled FPZs, a representation of 
the portion of hydrogeomorphic gradients accounted for in our anal-
ysis, show that the entire hydrogeomorphic gradient expressed by 
FPZs in the G river network was accounted for because all FPZs fall 
within the total convex hull area. In contrast, we were able to ac-
count for only a portion of the hydrogeomorphic gradient expressed 
by FPZs in the FS river network.

We sampled fish assemblages from three and five FPZs from 
the G and FS river networks, respectively (Appendix S2- 3). We col-
lected a total of 21 fish species in the two sampled river networks 
(Appendix S1), of which only four species were shared by both 
ecoregions. Eight species were found in the FS and seventeen spe-
cies in G. Overall, higher TRic values were found in FPZs of G com-
pared to FS. On average, 3.9 (±0.5) species were found per FPZ in 
the FS river network and 6.1 (±1.6) species per FPZ in the G river 
network. Taxonomic variation as expressed by the occurrence- 
based β- diversity metrics shows increasing dissimilarity in species 
composition across the hydrogeomorphic gradient displayed by 
FPZs in the G river network (Figure 4d). This increase in dissimilar-
ity (βsor: R2 = 0.27, p = 0.02) was driven only by species turnover 
(βsim: R2 = 0.20, p = 0.05). No dissimilarity was observed across the 
hydrogeomorphic gradient displayed by FPZs in the FS river network 
(Figure 4a). Abundance- based β- diversity metrics show increasing 
dissimilarity in total abundance variation for both G (βruz: R

2 = 0.30, 
p = 0.02) and FS (βruz: R

2 = 0.32, p = 0.08) river networks. This change 
is attributed to increasing dissimilarity in the balanced change in spe-
cies abundance (βruz- bal: R

2 = 0.34, p = 0.07, and R2 = 0.31, p = 0.01 
for FS and G river networks, respectively).

Overall, higher FRic values were found in FPZs of G compared 
to FS, with FRic values of 15.3 (±11.3) and 9.5 (±5.7), respectively. 
The results of functional β- diversity were, however, inconclusive 
(Figure 4c and f). No significant linear regressions were established 
between any of the β- diversity metrics and the hydrogeomorphic 
gradients displayed by FPZs in FS and G river networks.

F I G U R E  3   Scatter plots showing the 
distribution of Functional Process Zones 
(FPZs) in forest steppe (plot A, FPZs: 
FS1– 5) and grassland (plot B, FPZs: G 1– 6) 
rivers. Black dots indicate FPZs sampled 
for fish communities and included in the 
analysis. Polygons are representations 
of the hydrogeomorphic gradients (see 
Methods section) covered in the analysis
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4  | DISCUSSION

Our study demonstrated that hydrogeomorphic gradients, expressed 
by the range of hydrogeomorphic characteristics of Functional 
Process Zones (FPZs) in river networks, are drivers of variation in fish 
assemblages. These gradients of discrete hydrogeomorphic patches 
established at the valley scale should not be confused with the longi-
tudinal river zonation as expressed by the River Continuum Concept 
(RCC, Vannote et al., 1980), where longitudinal changes in fish as-
semblages along the river continuum have already been validated 
(Goldstein & Meador, 2004; Oberdorff et al., 1993). The RCC has 
predicted changes in communities driven by longitudinal changes in 
carbon and food sources, and parameters associated with changes 
in elevation (e.g., dissolved oxygen, temperature, and flow velocity). 
However, it failed to underline the role of hydrogeomorphology in 
driving changes in communities. Here, we demonstrate how valley- 
scale hydrogeomorphology, not necessarily associated with longitu-
dinal changes reflected by a river continuum, drives change in fish 
communities. Thus, the observed changes in β- diversity patterns as-
sociated with hydrogeomorphic gradients in river networks of forest 
steppe (FS) and grassland (G) ecoregions support our first hypothesis.

Mongolian fish assemblages of FS and G river networks are 
expected to have low species richness compared to watersheds 
at lower latitudes (Willig et al., 2003). We collected 21 out of 33 
fish species known to occur in these two ecoregions (Mendsaikhan 
et al., 2017). The twelve species we did not collect are large- bodied 
or rare fishes and not likely to be collected easily with our fishing 
methods (Appendix S1).

We found discrete fish assemblages associated with FPZs as 
previously reported by Elgueta et al. (2019). However, variation in 

the occurrence of fish species across the hydrogeomorphic gradi-
ent was only visible in the G river network and was mainly driven by 
species turnover (i.e., species replacement). Such contribution of spe-
cies turnover to assemblage variation has been previously observed 
across different ecoregions and was associated mainly with elevation 
changes (Barboza & Villalobos, 2018; Herrera- Pérez et al., 2019). No 
occurrence- based taxonomic variation was associated with the hydro-
geomorphic gradient established for the FS river network. This dif-
ference can be partially explained by differences in the delineation of 
river networks between the two ecoregions. The entire river network 
(i.e., from headwaters to near mouth) was delineated in G. Comparably, 
only a portion of the river network in FS was delineated because of the 
very large size of this river network and for practical sampling con-
straints in the anticipated month- long expedition in Mongolia. Yet, the 
delineated portion of the FS river network is still larger than the entire 
river network in G (see results, 3,380 and 2,390 km for FS and G, re-
spectively). We can consider that this delineation characterized mainly 
the upper portion of the Selenge River network, a major river network 
in Mongolia that drains an estimate of 60% of the inflow to Lake Baikal 
in neighboring Russia. Accordingly, we believe that the hydrogeomor-
phic gradient established for FS displays only partially the gradient of 
available FPZs, and the fish species collected in FS similarly character-
ize only the upper part of this river network.

In contrast, variation in abundance- based β- diversity metrics 
was associated with the hydrogeomorphic gradients established in 
both ecoregions. The abundance- based variation shows changes 
in the balance of abundances among species where the individuals 
of some species in one FPZ are substituted by the same number of 
individuals of different species in another FPZ (see, Baselga, 2013). 
Such variation can be interpreted as changes in the carrying capacity 

F I G U R E  4   Plots showing 
linear regressions between the 
hydrogeomorphic distances established 
between FPZs in forest steppe (plots 
a, b, c) and grassland river networks 
(plots d, e, f) and β- diversity metrics. 
Pairwise Euclidean distances representing 
hydrogeomorphic distances are plotted on 
the x- axes and the β- diversity metrics on 
the y- axes. Plots are organized into three 
columns, showing regressions for the 
occurrence- based β- diversity (plot a and 
d), the abundance- based β- diversity (plot 
b and e), and the functional β- diversity 
(plot c and f). The β- diversity metrics 
are introduced in the Methods section 
and are shown here with different line 
patterns. Asterisks (*) next to the metrics 
signal statistical significance of the linear 
regression, with one and two asterisks 
indicating significance at 10% and 5%, 
respectively
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of FPZs, a direct feature of habitat characteristics and availability 
(Cramer & Ackerman, 2009). The availability and diversity of suit-
able habitats will typically determine the carrying capacity of FPZs 
for fishes, and we predicted that habitat characteristics would be 
directly linked to valley- scale hydrogeomorphology as accounted for 
in this study. Exceptions can certainly arise when river connectivity 
is an issue; however, this is unlikely among the Mongolian drainages 
we examined (Kaus et al., 2018; Maasri et al., 2018). We can con-
clude that variation in the taxonomic composition of assemblages 
(whether occurrence- based or abundance- based are examined) es-
tablished in this study echoes published literature highlighting the 
role of valley- scale hydrogeomorphology on the variation in fish as-
semblages in river macrosystems (Boys & Thoms, 2006). However, 
variation in functional β- diversity metrics was poorly associated with 
hydrogeomorphology in our study. Whether this is due to the set of 
traits used in this analysis or to the relatively low number of taxa in 
some FPZs is currently unknown. An additional examination of these 
river networks will be needed to confirm how valley- scale hydrogeo-
morphology affects changes in the functional composition of fish as-
semblages. Accordingly, we believe that our findings of associations 
between fish assemblage variation and hydrogeomorphic gradients 
in river networks only partially support our second hypothesis.

We expected to observe differences in the associations between 
assemblage variation and hydrogeomorphology among the two 
ecoregions. However, similar patterns (except for the occurrence- 
based taxonomic variation as discussed above) were found across 
the two ecoregions. Certainly, our results account only for valley- 
scale hydrogeomorphology and did not include other major drivers 
of change in fish assemblages like reach- scale habitat structure, 
differences in energy fluxes, or food webs. Nevertheless, we can 
presume that in both ecoregions valley- scale hydrogeomorphology 
plays an essential role in structuring fish assemblages at a macrosys-
tem scale. This challenges, therefore, our third hypothesis.

Additionally, we would like to underline that the findings of 
this study can have substantial implications in informing aquatic 
biodiversity management and conservation strategies. In the case 
of Mongolia, the vast majority of rivers are still considered rela-
tively pristine compared to global rivers. However, recent devel-
opments in livestock production (Jamsranjav et al., 2018; Maasri 
& Gelhaus, 2011), extensive recreational fishing (Kaus et al., 2019), 
increased mining activities (Batsaikhan et al., 2017; Stubblefield 
et al., 2005), and potential hydroelectric projects threaten the biodi-
versity and ecological integrity of these river networks. Our results 
showing variation in fish assemblages across FPZs provide, there-
fore, a baseline for conservation efforts in these understudied river 
networks. We confirm that biodiversity patterns are strongly asso-
ciated with valley- scale hydrogeomorphology, where the alteration 
of the latter can result in significant changes in fish assemblages and 
potentially lead to losses in biodiversity.

ACKNOWLEDG MENT
The authors would like to thank Nicholas Kotlinski for establish-
ing the river network delineations for Mongolia. Additionally, the 

authors would like to thank Robert Shields, Caleb Artz, Jeff Robbins, 
Solongo Altangerel, Enkhjargal Boldbat, Byambatsogt Batbold, and 
all the participants in field expeditions in Mongolia. This research 
was funded by the US NSF Macrosystems grant no. 1442595. The 
German Federal Ministry of Education and Research (BMBF) grant 
no. 01LN1320A provided additional support to AM. The Taylor 
Family- Asia Foundation Endowed Chair in Ecology and Conservation 
Biology provided partial support to AO and BB.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
Alain Maasri: Conceptualization (lead); Data curation (equal); Formal 
analysis (lead); Funding acquisition (equal); Investigation (equal); 
Methodology (equal); Project administration (equal); Writing- original 
draft (lead). Mark Pyron: Conceptualization (equal); Data curation 
(lead); Funding acquisition (equal); Investigation (lead); Methodology 
(equal); Project administration (equal); Writing- original draft (equal). 
Emily R. Arsenault: Conceptualization (supporting); Data curation 
(equal); Investigation (equal); Methodology (equal); Writing- original 
draft (equal). James H. Thorp: Conceptualization (equal); Funding ac-
quisition (lead); Methodology (equal); Project administration (equal); 
Writing- review & editing (equal). Bud Mendsaikhan: Investigation 
(supporting); Methodology (supporting); Writing- review & editing 
(supporting). Flavia Tromboni: Investigation (supporting); Writing- 
review & editing (supporting). Mario Minder: Investigation (support-
ing); Writing- review & editing (supporting). Scott J. Kenner: Funding 
acquisition (equal); Investigation (supporting); Project administra-
tion (equal); Writing- review & editing (supporting). John Costello: 
Investigation (supporting); Writing- review & editing (supporting). 
Sudeep Chandra: Funding acquisition (equal); Investigation (sup-
porting); Project administration (equal); Writing- review & editing 
(supporting). Amarbat Otgonganbat: Investigation (supporting); 
Writing- review & editing (supporting). Bazartseren Boldgiv: Funding 
acquisition (equal); Project administration (equal); Writing- review & 
editing (supporting).

DATA AVAIL ABILIT Y S TATEMENT
Fish abundance data and sampling coordinates are available on the 
Dryad Digital Repository https://doi.org/10.5061/dryad.jwstq jq7g.

ORCID
Alain Maasri  https://orcid.org/0000-0003-1236-8374 
Mark Pyron  https://orcid.org/0000-0003-0451-7827 
Mario Minder  https://orcid.org/0000-0002-1391-6945 

R E FE R E N C E S
Balon, E. K. (1975). Reproductive guilds of fishes: A proposal and defini-

tion. Journal of the Fisheries Research Board of Canada, 32, 821– 864. 
https://doi.org/10.1139/f75- 110

Barboza, J. P., & Villalobos, G. U. (2018). Fish assemblages and their eco-
logical traits, along an elevational gradient in the Río Pacuare, Costa 
Rica. International Journal of Tropical Biology, 66(Suppl. 1), 132– 152.

https://doi.org/10.5061/dryad.jwstqjq7g
https://orcid.org/0000-0003-1236-8374
https://orcid.org/0000-0003-1236-8374
https://orcid.org/0000-0003-0451-7827
https://orcid.org/0000-0003-0451-7827
https://orcid.org/0000-0002-1391-6945
https://orcid.org/0000-0002-1391-6945
https://doi.org/10.1139/f75-110


6534  |     MAASRI et Al.

Baselga, A. (2010). Partitioning the turnover and nestedness compo-
nents of beta diversity. Global Ecology and Biogeography, 19(1), 134– 
143. https://doi.org/10.1111/j.1466- 8238.2009.00490.x

Baselga, A. (2013). Separating the two components of abundance- 
based dissimilarity: Balanced changes in abundance vs. abundance 
gradients. Methods in Ecology and Evolution, 4, 552– 557. https://doi.
org/10.1111/2041- 210X.12029

Baselga, A., & Orme, C. D. L. (2012). betapart: An R package for the study 
of beta diversity. Methods in Ecology and Evolution, 3(5), 808– 812.

Batsaikhan, B., Kwon, J.- S., Kim, K.- H., Lee, Y.- J., Lee, J.- H., Badarch, 
M., & Yum, S.- T. (2017). Hydrochemical evaluation of the influences 
of mining activities on river water chemistry in central northern 
Mongolia. Environmental Science and Pollution Research, 24(2), 2019– 
2034. https://doi.org/10.1007/s1135 6- 016- 7895- 3

Baxter, C. V., & Hauer, F. R. (2000). Geomorphology, hyporheic ex-
change, and selection of spawning habitat by bull trout (Salvelinus 
confluentus). Canadian Journal of Fisheries and Aquatic Sciences, 57, 
1470– 1481.

Belliard, J., Boet, P., & Tales, E. (1997). Regional and longitudinal 
patterns of fish community structure in the Seine River basin, 
France. Environmental Biology of Fishes, 50, 133– 147. https://doi.
org/10.1023/A:10073 53527126

Bonar, S. A., Hubert, W. A., & Willis, D. W. (2009). Standard methods 
for sampling North American freshwater fishes. American Fisheries 
Society.

Boys, C. A., & Thoms, M. C. (2006). A large- scale, hierarchical approach 
for assessing habitat associations of fish assemblages in large dry-
land rivers. Hydrobiologia, 572, 11– 31. https://doi.org/10.1007/s1075 
0- 005- 0004- 0

Cramer, S. P., & Ackerman, N. K. (2009). Linking stream carrying ca-
pacity for salmonids to habitat features. American Fisheries Society 
Symposium, 71, 225– 254.

Dulmaa, A., Slynko, Y. V., Gordon, N. Y., Stolbunova, V. V., & Politov, D. 
V. (2016). Coregonus peled (Gmelin) transplanted into Ulaagchny Khar 
Lake (Western Mongolia) showed no evidence of hybridization with 
other introduced Coregonus species. Contemporary Problems of Ecology, 
9(2), 172– 176. https://doi.org/10.1134/S1995 42551 6020037

Elgueta, A., Thoms, M. C., Górski, K., Díaz, G., & Habit, E. M. (2019). 
Functional process zones and their fish communities in temperate 
Andean river networks. River Research and Applications, 35(10), 1702– 
1711. https://doi.org/10.1002/rra.3557

Fausch, K. D., Torgersen, C. E., Baxter, C. V., & Li, H. W. (2002). Landscapes 
to riverscapes: Bridging the gap between research and conservation 
of stream fishes: A continuous view of the river is needed to under-
stand how processes interacting among scales set the context for 
stream fishes and their habitat. BioScience, 52, 483– 498. https://doi.
org/10.1641/0006- 3568(2002)052[0483:LTRBT G]2.0.CO;2

Frissell, C. A., Liss, W. J., Warren, C. E., & Hurley, M. D. (1986). A hierar-
chical framework for stream habitat classification: Viewing streams 
in a watershed context. Environmental Management, 10(2), 199– 214. 
https://doi.org/10.1007/BF018 67358

Gido, K. B., Falke, J. A., Oakes, R. M., & Hase, K. J. (2006). Fish- habitat 
relations across spatial scales in prairie streams. American Fisheries 
Society Symposium, 48, 265– 285.

Goldstein, R. M., & Meador, M. R. (2004). Comparisons of fish species 
traits from small streams to large rivers. Transactions of the American 
Fisheries Society, 133, 971– 983.

Gorman, O. T., & Karr, J. R. (1978). Habitat structure and stream fish com-
munities. Ecology, 59, 507– 515. https://doi.org/10.2307/1936581

Gower, J. C. (1971). A general coefficient of similarity and some of its prop-
erties. Biometrics, 27(4), 857– 874. https://doi.org/10.2307/2528823

Herrera- Pérez, J., Parra, J. L., Restrepo- Santamaría, D., & Jiménez- Segura, 
L. F. (2019). The influence of abiotic environment and connectivity 
on the distribution of diversity in an Andean fish fluvial network. 
Frontiers in Environmental Science, 7, 9. https://doi.org/10.3389/
fenvs.2019.00009

Jackson, D. A., Peres- Neto, P. R., & Olden, J. D. (2001). What controls 
who is where in freshwater fish communities –  The roles of biotic, 
abiotic, and spatial factors. Canadian Journal of Fisheries and Aquatic 
Sciences, 58, 157– 170.

Jamsranjav, C., Reid, R. S., Fernandez- Gimenez, M. E., Tsevlee, A., 
Yadamsuren, B., & Heiner, M. (2018). Applying a dryland degrada-
tion framework for rangelands: The case of Mongolia. Ecological 
Applications, 28(3), 622– 642. https://doi.org/10.1002/eap.1684

Jensen, O. P., Gilroy, D. J., Hogan, Z., Allen, B. C., Hrabik, T. R., Weidel, 
B. C., Chandra, S., & Vander Zanden, M. J. (2009). Evaluating recre-
ational fisheries for an endangered species: A case study of taimen, 
Hucho taimen, in Mongolia. Canadian Journal of Fisheries and Aquatic 
Sciences, 66, 1707– 1718. https://doi.org/10.1139/F09- 109

Kaus, A., Büttner, O., Karthe, D., Schäffer, M., & Borchardt, D. 
(2018). Migration and movement profiles of a potadromous fish 
(Brachymystax lenok Pallas 1773) in a highly connected river system 
(Mongolia). Ecology of Freshwater Fish, 27, 752– 766.

Kaus, A., Michalski, S., Hänfling, B., Karthe, D., Borchardt, D., & Durka, W. 
(2019). Fish conservation in the land of steppe and sky: Evolutionarily 
significant units on threatened salmonid species in Mongolia mirror 
major river basins. Ecology and Evolution, 9(6), 3416– 3433.

Kottelat, M. (2006). Fishes of Mongolia: A check- list of the fishes known to 
occur in Mongolia with comments on systematic and nomenclature. The 
World Bank.

Laliberté, E., Legendre, P., & Shipley, B. (2014). FD: Measuring functional 
diversity from multiple traits, and other tools for functional ecology. R 
package version 1.0- 12.

Lamouroux, N., Olivier, J.- M., Persat, H., Pouilly, M., Souchon, Y., & 
Statzner, B. (1999). Predicting community characteristics from hab-
itat conditions: Fluvial fish and hydraulics. Freshwater Biology, 42, 
275– 299. https://doi.org/10.1046/j.1365- 2427.1999.444498.x

Lê, S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multi-
variate analysis. Journal of Statistical Software, 25(1), 1– 18.

Legendre, P., & Gallagher, E. D. (2001). Ecological meaningful transfor-
mation for ordination of species data. Oecologia, 129, 271– 280.

Maasri, A., & Gelhaus, J. (2011). The new era of the livestock produc-
tion in Mongolia: Consequences on streams of the Great Lakes 
Depression. Science of the Total Environment, 409(22), 4841– 4846. 
https://doi.org/10.1016/j.scito tenv.2011.08.005

Maasri, A., Hayford, B., Erdenee, B., & Gelhaus, J. (2018). Macroscale 
drivers influencing the structural and functional organization of 
stream macroinvertebrate metacommunities: Potential role of hy-
drological connectivity. Freshwater Science, 37(1), 159– 168. https://
doi.org/10.1086/695945

Maasri, A., Thorp, J. H., Gelhaus, J., Tromboni, F., Chandra, S., & Kenner, 
S. J. (2019). Communities associated with the Functional Process 
Zone scale: A case study of stream macroinvertebrates in endorheic 
drainages. Science of the Total Environment, 677, 184– 193. https://doi.
org/10.1016/j.scito tenv.2019.04.394

Maasri, A., Thorp, J. H., Kotlinski, N., Kiesel, J., Erdenee, B., & Jähnig, 
S. C. (2021). Variation in macroinvertebrate community structure 
of Functional Process Zones along the river continuum: New el-
ements for the interpretation of the River Ecosystem Synthesis. 
River Research and Applications. https://doi.org/10.1002/
rra.3784

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., & Hornik, K. (2021). 
cluster: Cluster analysis basics and extensions. R package version 2.1.1.

Mendsaihan, B., Dulmaa, A., Krylov, A. V., Kosolapov, D. B., Slynko, Y. V., 
Prokin, A. A., Demidsereeter, S., Lebedeva, D. L., Altantsetseg, B., 
& Dgebuadze, Y. Y. (2016). Formation of the lake- type ecosystem in 
semidesert zone: Tayshir Reservoir in the Zavkhan River (Western 
Mongolia). Arid Ecosystems, 6(3), 213– 219. https://doi.org/10.1134/
S2079 09611 6030082

Mendsaikhan, B., Dgebuadze, Y. Y., & Surenkhorloo, P. (2017). Guide 
Book to Mongolian Fishes. World Wildlife Fund for Nature (WWF) 
Mongolia Programme.

https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/2041-210X.12029
https://doi.org/10.1111/2041-210X.12029
https://doi.org/10.1007/s11356-016-7895-3
https://doi.org/10.1023/A:1007353527126
https://doi.org/10.1023/A:1007353527126
https://doi.org/10.1007/s10750-005-0004-0
https://doi.org/10.1007/s10750-005-0004-0
https://doi.org/10.1134/S1995425516020037
https://doi.org/10.1002/rra.3557
https://doi.org/10.1641/0006-3568(2002)052%5B0483:LTRBTG%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052%5B0483:LTRBTG%5D2.0.CO;2
https://doi.org/10.1007/BF01867358
https://doi.org/10.2307/1936581
https://doi.org/10.2307/2528823
https://doi.org/10.3389/fenvs.2019.00009
https://doi.org/10.3389/fenvs.2019.00009
https://doi.org/10.1002/eap.1684
https://doi.org/10.1139/F09-109
https://doi.org/10.1046/j.1365-2427.1999.444498.x
https://doi.org/10.1016/j.scitotenv.2011.08.005
https://doi.org/10.1086/695945
https://doi.org/10.1086/695945
https://doi.org/10.1016/j.scitotenv.2019.04.394
https://doi.org/10.1016/j.scitotenv.2019.04.394
https://doi.org/10.1002/rra.3784
https://doi.org/10.1002/rra.3784
https://doi.org/10.1134/S2079096116030082
https://doi.org/10.1134/S2079096116030082


     |  6535MAASRI et Al.

Mercado- Silva, N., Gilroy, D. J., Erdenbat, M., Hogan, Z., Chandra, S., & 
Vander Zanden, M. J. (2008). Fish community composition and hab-
itat use in the Eg- Uur River system, Mongolia. Mongolian Journal of 
Biological Sciences, 6, 21– 30.

Murtagh, F., & Legendre, P. (2014). Ward’s hierarchical agglomerative clus-
tering method: Which algorithms implement ward’s criterion? Journal of 
Classification, 31, 274– 295. https://doi.org/10.1007/s0035 7- 014- 9161- z

Oberdorff, T., Guilbert, E., & Lucchetta, J. C. (1993). Patterns of fish 
species richness in the Seine River basin, France. Hydrobiologia, 259, 
157– 167. https://doi.org/10.1007/BF000 06595

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Henry, 
M., Stevens, H., Szoecs, E., & Wagner, H. (2019). vegan: Community 
ecology package (version R package version 2.5- 6). https://cran.r- proje 
ct.org/packa ge=vegan

Olson, K. W., Jensen, O. P., & Hrabik, T. R. (2016). Feeding ecology and 
prey resource partitioning of lenok (Brachymystax lenok) and Baikal 
grayling (Thymallus arcticus baicalensis) in the Eg and Uur rivers, 
Mongolia. Ecology of Freshwater Fish, 25(4), 565– 576.

Poff, N. L. (1997). Landscape filters and species traits: Towards mech-
anistic understanding and prediction in stream ecology. Journal of 
the North American Benthological Society, 16(2), 391– 409. https://doi.
org/10.2307/1468026

R Core Team (2020). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. https://
www.R- proje ct.org/

Roman, I., Bourgeois, Y., Reyes- Velasco, J., Jensen, O. P., Waldman, J., 
& Boissinot, S. (2018). Contrasted patterns of divergence and gene 
flow among five fish species in a Mongolian rift lake following glaci-
ation. Biological Journal of the Linnean Society, 125, 115– 125. https://
doi.org/10.1093/bioli nnean/ bly083

Stubblefield, A., Chandra, S., Eagan, S., Tuvshinjargal, D., Davaadorzh, G., 
Gilroy, D., Sampson, J., Thorne, J., Allen, B., & Hogan, Z. (2005). Impacts 
of gold mining and land use alterations on the water quality of central 
Mongolian rivers. Integrated Environmental Assessment and Management, 
1(4), 365– 373. https://doi.org/10.1002/ieam.56300 10406

Sullivan, S. M. P., Watzin, M. C., & Hession, W. C. (2006). Influence of stream geo-
morphic condition on fish communities in Vermont, U.S.A. Freshwater Biology, 
51, 1811– 1826. https://doi.org/10.1111/j.1365- 2427.2006.01616.x

Thoms, M. C., & Parsons, M. (2003). Identifying spatial and temporal 
patterns in the hydrological character of the Condamine- Balonne 
River, Australia, using multivariate statistics. River Research and 
Applications, 19(5– 6), 443– 457. https://doi.org/10.1002/rra.737

Thoms, M., Scown, M., & Flotemersch, J. (2018). Characterization of 
river networks: A GIS approach and its applications. Journal of the 
American Water Resources Association, 54(4), 899– 913. https://doi.
org/10.1111/1752- 1688.12649

Thorp, J. H., Thoms, M. C., & Delong, M. D. (2006). The riverine eco-
system synthesis: Biocomplexity in river networks across space and 
time. River Research and Applications, 22(2), 123– 147. https://doi.
org/10.1002/rra.901

Thorp, J. H., Thoms, M. C., & Delong, M. D. (2008). The riverine ecosystem 
synthesis. Academic Press.

Torgersen, C. E., Baxter, C. V., Li, H. W., & McIntosh, B. A. (2006). 
Landscape influences on longitudinal patterns of river fishes: 
Spatially continuous analysis of fish- habitat relationships. American 
Fisheries Society Symposium, 48, 473– 492.

Vannote, R. L., Minshall, G. W., Cummins, K. W., Sedell, J. R., & Cushing, C. 
E. (1980). The river continuum concept. Canadian Journal of Fisheries 
and Aquatic Sciences, 37(1), 130– 137. https://doi.org/10.1139/
f80- 017

Villéger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional 
b- diversity reveals that low functional b- diversity is driven by low 
functional turnover in European fish assemblages. Global Ecology and 
Biogeography, 22(6), 671– 681.

Villéger, S., Mason, N. W. H., & Mouillot, D. (2008). A new multidi-
mensional functional diversity indices for a multifaceted frame-
work in functional ecology. Ecology, 89(8), 2290– 2301. https://doi.
org/10.1890/07- 1206.1

Wiley, E. O., & Mayden, R. L. (1985). Species and speciation in phylo-
genetic systematics, with examples from the North American fish 
fauna. Annals of the Missouri Botanical Garden, 72, 596– 635. https://
doi.org/10.2307/2399217

Williams, B. S., D'Amico, E., Kastens, J. H., Thorp, J. H., Flotemersch, J. E., 
& Thoms, M. C. (2013). Automated riverine landscape characteriza-
tion: GIS- based tools for watershed scale research, assessment, and 
management. Environmental Monitoring and Assessment, 185, 7485– 
7499. https://doi.org/10.1007/s1066 1- 013- 3114- 6

Willig, M. R., Kaufman, D. M., & Stevens, R. D. (2003). Latitudinal gradi-
ents of biodiversity: Pattern, process, scale, and synthesis. Annual 
Review of Ecology, Evolution, and Systematics, 34, 273– 309. https://
doi.org/10.1146/annur ev.ecols ys.34.012103.144032

Zbinden, Z. D., & Matthews, W. J. (2017). Beta diversity of stream fish as-
semblages: Partitioning variation between spatial and environmental 
factors. Freshwater Biology, 62, 1460– 1471. https://doi.org/10.1111/
fwb.12960

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Maasri A, Pyron M, Arsenault ER, 
et al. Valley- scale hydrogeomorphology drives river fish 
assemblage variation in Mongolia. Ecol Evol. 2021;11:6527– 
6535. https://doi.org/10.1002/ece3.7505

https://doi.org/10.1007/s00357-014-9161-z
https://doi.org/10.1007/BF00006595
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.2307/1468026
https://doi.org/10.2307/1468026
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1093/biolinnean/bly083
https://doi.org/10.1093/biolinnean/bly083
https://doi.org/10.1002/ieam.5630010406
https://doi.org/10.1111/j.1365-2427.2006.01616.x
https://doi.org/10.1002/rra.737
https://doi.org/10.1111/1752-1688.12649
https://doi.org/10.1111/1752-1688.12649
https://doi.org/10.1002/rra.901
https://doi.org/10.1002/rra.901
https://doi.org/10.1139/f80-017
https://doi.org/10.1139/f80-017
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1890/07-1206.1
https://doi.org/10.2307/2399217
https://doi.org/10.2307/2399217
https://doi.org/10.1007/s10661-013-3114-6
https://doi.org/10.1146/annurev.ecolsys.34.012103.144032
https://doi.org/10.1146/annurev.ecolsys.34.012103.144032
https://doi.org/10.1111/fwb.12960
https://doi.org/10.1111/fwb.12960
https://doi.org/10.1002/ece3.7505

