[image: image1]Effects of riparian buffer and stream channel widths on ecological indicators in the upper and lower Indus River basins in Pakistan

		ORIGINAL RESEARCH
published: 23 February 2023
doi: 10.3389/fenvs.2023.1113482


[image: image2]
Effects of riparian buffer and stream channel widths on ecological indicators in the upper and lower Indus River basins in Pakistan
Amin Hira1†, Muhammad Arif2*†, Nowsherwan Zarif3, Zarmina Gul4, Liu Xiangyue1 and Cao Yukun1*
1Department of Forestry Economics & Management, Northeast Forestry University, Harbin, China
2Biological Science Research Center, Academy for Advanced Interdisciplinary Studies, Southwest University, Chongqing, China
3Pakistan Forest Institute, Peshawar, Pakistan
4College of Chemistry, Chemical Engineering and Resource Utilization, Northeast Forestry University, Harbin, China
Edited by:
Arnaldo Marín, University of Murcia, Spain
Reviewed by:
Amit Kumar Tiwari, Banaras Hindu University, India
Shiekh Marifatul Haq, University of Kashmir, India
Pir Mohammad, Hong Kong Polytechnic University, Hong Kong SAR, China
* Correspondence: Muhammad Arif, muhammadarif@swu.edu.cn; Cao Yukun, cyklk@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Conservation and Restoration Ecology, a section of the journal Frontiers in Environmental Science
Received: 01 December 2022
Accepted: 14 February 2023
Published: 23 February 2023
Citation: Hira A, Arif M, Zarif N, Gul Z, Xiangyue L and Yukun C (2023) Effects of riparian buffer and stream channel widths on ecological indicators in the upper and lower Indus River basins in Pakistan. Front. Environ. Sci. 11:1113482. doi: 10.3389/fenvs.2023.1113482

Riparian buffers and stream channel widths along river networks have extremely significant ecological influences on parameters and stressors associated with riparian health indicators (RHIs). It is imperative for countries that rely heavily on rivers for irrigation to protect RHIs such as habitat, plant cover, regeneration, exotics, and erosion. It is unclear which protection methods are most effective for RHIs in less developed countries, such as Pakistan. This study fills this gap by using a quick field-based technique that includes 273 transects and examines the response of RHIs in the upper and lower Indus River basins (IRB). In the lower Indus basin (LIB), riparian buffer and stream channel widths had the most considerable influence on RHIs using Pearson’s correlations, ranging from ̶ 0.47 < r < 0.71 and ̶ 0.41 < r < 0.32, respectively. There was a significant relationship between stressors and RHIs in the LIB when these widths were changed, and stressors had a significant influence on habitat ̶ 0.37 < r < 0.41, plant cover ̶ 0.32 < r < 0.38, regeneration ̶ 0.29 < r < 0.25, erosion ̶ 0.34 < r < 0.49, and exotics ̶ 0.39 < r < 0.24. In contrast, these stressors in the upper Indus basin (UIB) also adversely affected habitat ̶ 0.28 < r < 0.27, plant cover ̶ 0.34 < r < 0.26, regeneration ̶ 0.19 < r < 0.26, erosion ̶ 0.38 < r < 0.23, and exotics ̶ 0.31 < r < 0.30. It was found from the principal component analysis that the responses of RHIs and stressors varied considerably between the UIB and LIB. Additionally, the agglomerative hierarchical cluster analysis of the RHIs and stressor indices revealed dissimilarities in the UIB and LIB. This study supports the need to examine riparian regions along long rivers, which are subject to the same administrative strategies. Large river ecosystems need revised standards to prevent further degradation based on ecological indicators.
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1 INTRODUCTION
Riparian zones along rivers are ecologically influenced by several factors (Guo et al., 2021; Yuancai et al., 2022), including the riparian buffer and watercourse widths (Arif et al., 2022b). Similarly, ecological indicators in riparian areas are also influenced by these width factors (Kuglerova et al., 2020; Stutter et al., 2021). Fluvial channel structure varies significantly across the fluvial framework based on the size and location of rivers (Oliveira et al., 2019; Tariq et al., 2021). Streams differ from rivers in gradient, flow, and flora due to their particular terrain and ecology (Chen Z. et al., 2022; Jalayer et al., 2022). In conservation initiatives worldwide, the protection of major rivers takes precedence over the protection of streams. The footprint of a channel is an indication of its proximity to the immediate surroundings (Hu et al., 2022). The rivers that are most vulnerable to the adverse effects of water networks can be identified when riparian ecological characteristics are considered (Jullian et al., 2021). It has been reported that different countries have different policies regarding the definition and implementation of riparian buffer zones and managing ecological indicators in these areas (Dai et al., 2017; Francis et al., 2021). In developed countries, ecological indicators are protected by relatively clear rules, but in less developed or poorer countries, such rules do not exist or are vaguely described.
It has been shown that hydro-fluctuations in the riparian buffer are associated with water body conditions (Ding et al., 2022). There is a great deal of variation in river networks in different regions, just as their rules vary from region to region. Natural and altered river channels have different hydrological characteristics worldwide (Haq et al., 2019), which may adversely affect natural ecosystems (Wang et al., 2020; Fu et al., 2022). Consequently, some developed countries maintain limited riparian widths to ensure their ecological function. River buffer zones in the Nordic-Baltic region of the United States range from 5 to 50 m (Ring et al., 2017). Streams in this area have been conserved as closely as possible to their natural state. Several studies have suggested that the riparian width of streams in Canada should be between 20 and 50 m to minimize habitat degradation (Kuglerova et al., 2020). The study of Borneo, Malaysia has demonstrated that river conservation with a riparian width of 40–100 m lead to greater river services along both riverbanks (Mitchell et al., 2018). There is no limit on the buffer width of rivers and streams in Asian countries, particularly Pakistan. Since each stream and river has unique geomorphological and environmental characteristics (Charles et al., 2018; Rehman et al., 2018), planning for their sustainable use is imperative. Despite this, little is known about the long-term effects of riparian buffers and channel widths on the Indus River. The Indus River originates in the Himalayan range and is one of the longest in Pakistan and a vital lifeline for the people (Ahmed et al., 2018).
There is insufficient room for ecosystem services in stream buffers that are less than 10 m wide on each stream bank. For natural habitats to remain intact, a buffer of 30 m or more is required (Olden et al., 2019; Arif et al., 2022b). It has been found that even small buffer zones are not sufficient to maintain the integrity of waterways in British Columbia, Sweden, and Finland (Kuglerova et al., 2020). There is a need to pay attention to large areas of stream networks worldwide to provide effective service delivery (Rafique et al., 2020; Guo et al., 2021). Water resources can be conserved by improving the environment and hydrological conditions. It is mandated by the UN Sustainable Development Agenda 2030 that everyone pays attention to the state of the environment in terms of conservation (Chen D. et al., 2022). Furthermore, it is still unclear whether riparian and stream channel widths equally affect ecological factors in the upper and lower basins. Considering preliminary findings, international regulations and recommendations for streams and rivers must be re-evaluated. Studies such as those mentioned above may assist us in understanding how river width affects stream ecology (Stutter et al., 2021). Protecting streams and rivers has become increasingly relevant to preserve ecological diversity and function (Mitchell et al., 2018; Bombino et al., 2019). Most recent research has focused on hydrological processes, ecological services, and landscape connectivity. Some politicians and professionals are still skeptical about the reported effects of policy change. As a result of the emergence of sustainable standards, environmentalists and other conservationists are increasingly calling for policy reforms on a global scale.
The environmental authorities have concentrated their efforts on improving the management of riverine areas to address this issue. Riparian regulations must be reviewed based on the results of research and current riparian regulations. The legislation governing riverine areas imposes a minimum width requirement for security. Researchers have also examined buffer widths in tropical locations and North America to determine how they affect the environment (Ring et al., 2017). Generally, Asian countries lack clear policies or define them vaguely. Many guidelines in industrialized nations are unclear, complex, and heavily influenced by local conditions. Such implications must be evaluated for the Indus River Basin (IRB). It was revealed that 50 percent of the studies that assessed riparian buffers and stream channels considered terrestrial ecology, biodiversity, and function when determining their lengths (Luke et al., 2019). Numerous studies have failed to demonstrate the need for an extended buffer or to advance management practices. Several influences on ecosystem function were identified in a review of 453 papers on human activities in riparian ecosystems (Poff et al., 2011). It is apparent that there are no accurate statistical models or theoretical analyses in the existing literature regarding upper and lower basins simultaneously. It may be possible to develop technical data for riparian zones by analyzing the effects of shifting channel widths on riparian zones on a regional scale. Compared to other components of the terrestrial ecosystem, vegetation in riparian buffers appears to have a more significant impact on biodiversity in the terrestrial ecosystem (Tata, 2021; Behzad et al., 2022).
Although there are some differences in biodiversity between those naturally occurring and those that have been somewhat impacted (Muhammad et al., 2022c; Hussain et al., 2022; Islam et al., 2022), habitat loss and fragmentation have contributed to changes in protected species (Haq et al., 2021b; Hu et al., 2022), especially in narrow buffer zones such as streams. Compared to narrow buffer zones, wider buffer zones contain a broader diversity of habitats and plant types (Gundersen et al., 2010; Tata, 2021). Seasonal migrants may also use riverine zones as temporary housing at certain times of the year (Vilchez Mendoza et al., 2014). It has been reported that sufficient birds are found in riparian woody vegetation in wetland settings (Mitchell et al., 2018). Some researchers have concluded that cattle grazing on riparian buffers results in the loss of flora (Lees and Peres, 2008). Landscape exposure in several studies affects the design and implementation of buffer ecosystems. Since river impacts may continue to degrade habitats over time, it is unknown whether terrestrial biodiversity will survive in buffers in the long run (Arif and Changxiao, 2022). In spite of this, it is unclear to what extent long rivers modify riparian functions. It is generally accepted in the literature that the width of the riparian buffer is positively correlated with species diversity (Luke et al., 2019). Due to the broader area and variety of riparian widths found along large streams and rivers, such results are not always effective. The lack of predetermined width limits has prevented ecologists from discovering ecological relationships in streams. Riparian buffers play an influential role in conserving degraded ecosystems (Hira et al., 2022). These buffer zones are also conducive to the spread of invasive species (Hu et al., 2022). Despite this, extensive rivers have not been systematically explored in underdeveloped countries. Some studies have examined the relationship between ecosystems and species in riparian zones (Chen Z. et al., 2022). Research of this type may be of great value to policymakers and requires further investigation. River buffers often share the same stresses as rivers themselves. Since expensive streams and long rivers have narrow widths, researchers tend to focus on buffer zones with wide ranges of width (Arif et al., 2022a). Riparian buffers and other ecological factors are also lack scientific evidence in Pakistan. The buffer zones provided by the IRB provide significant benefits and advantages despite these limitations.
Environmental sustainability requires the analysis of riparian zone indicators and stressors in the upper and lower river basins. Additionally, various riparian buffers and channel widths will be investigated for their effects on the aforementioned ecological factors in the upper Indus basin (UIB) and lower Indus basin (LIB) inside the vast Indus basin, i.e., pros and cons. Our purpose was to evaluate the following: We (1) assessed ecological parameters (such as riparian stress and health) using the major sections of the IRB (UIB and LIB); (2) classified the significant components responsible for variability in the riparian zone structures across large areas of the UIB and LIB; and (3) examined the relationship between these ecological parameters when it comes to managing ecological characteristics in river riparian zones with the same patterns. It will provide new insight into how to accomplish this on a large scale.
2 MATERIALS AND METHODS
2.1 Study area
Pakistan has five influential river basins (Indus, Chenab, Ravi, Jhelum, and Sutlej), but the IRB is one of the most famous (Ahmed et al., 2018; Hira et al., 2022). It lies between 29° 30′N and 37° 10′N, and 70° 15′E and 77° 0′E. There is approximately 139,202 km2 of the area within the IRB, of which 8%, 39%, and 53% are within China, India, and Pakistan, respectively (Rehman et al., 2018). This river originates from the Tibetan Plateau’s Lake Mansarovar and is further divided into several branches, which flow through India and Pakistan and empty into the Arabian Sea. Consultants have estimated the annual sediment load at Tarbela Dam, which is the junction of UIB and LIB, to be 242.4 mcm at the time of planning and design (Figure 1). The Indus River produces a great deal of sediment (Habib ur et al., 2017). Kharmong and Panjnad are the points at which the Indus River confluences with other rivers in Pakistan. Due to its geographical characteristics and land use patterns, there are two major components of the IRB: the UIB, which represents 54% of the IRB, and the LIB, which represents 46% of the IRB. Specifically, the LIB specified is the midstream component of the entire IRB (Ahmed et al., 2018). The riparian width range was highest in the LIB at 110.65 ± 8.22 m (mean ± standard deviation) and 95.85 ± 8.68 m in UIB. Similarly, stream channel widths were the uppermost in the LIB and spanned 312.98 ± 12.20 m and 71.25 ± 4.51 m in the UIB (Figure 2). Primarily westerly winds and glaciers feed the UIB, which is between 440 m and 8,361 m above sea level. While LIBs are located between 70 and 440 m asl. Climates in these regions are predominantly arid or semi-arid, with upstream discharge, monsoon rains, and tributaries determining water flow (Rehman et al., 2018). Precipitation in the UIB ranges between 200 and 1,400 mm, while the temperature in the UIB ranges between 5°C and 20°C (Naz et al., 2019; Rafique et al., 2020). LIB temperatures range from 10°C to 32°C and precipitation from 200 to 1,200 mm. The IRB recognizes several major categories of land use (Rashid et al., 2018), including water bodies, forests, shrublands, grasslands, built-up areas, agricultural areas, barren land, and snow and glaciers. There was a difference in the order of dominant major cations between UIB and LIB, reflecting the variety of geological formations. Following the suitability assessment, the river water meets the WHO’s drinking water guidelines. However, it did not conform to the guidelines set by the WHO regarding irrigation. Soil degradation is the primary cause of this problem. Tarbela Dam was constructed along the Indus River approximately 65 km northwest of Islamabad in 1974 and has a capacity of 14,295 mcm at full reservoir capacity. Tarbela reservoir receives approximately 76,274 mcm of water each year. Currently, the dam has 85 years remaining in its useful life (Habib ur et al., 2017). If sediment deposits accumulate in the reservoir, the delta could advance towards the power intakes, interfering with the openings of the outlet and other functions of the dam.
[image: Figure 1]FIGURE 1 | Location of sample sites in the riparian zones of the Indus River in Pakistan.
[image: Figure 2]FIGURE 2 | An illustration of the riparian zones along the upper and lower Indus basins (A,B). Source: symbols for diagram obtained from (https://app.biorender.com/).
2.2 Conceptualization of sampling
In 2020, data were collected from 273 transects (147 UIB transects and 126 LIB transects, respectively), while accounting for their proportional contribution to the IRB. We adapted a rapid appraisal approach from the literature (see Jansen et al., 2005) for the riparian zone parameters along the river setting in order to obtain real-life data on riparian health indicators (RHIs). Moreover, data on riparian buffers and stream channel widths were collected using the Global Positioning System. Later, Dixon et al. (2006) provide detailed descriptions of the data collection methods for each parameter in a technical guideline report (see Supplementary Figures S1–S13). Jansen et al. (2005) introduced this approach to studying the riparian zone in Australia, and other researchers have adopted it for the riparian zone of the Three Gorges Dam in China (Arif and Changxiao, 2022). Some indicators, such as land-use pattern and farming system, in this study were subject to constraints specific to the IRB. Therefore, the method described by Lanzanova et al. (2019) was utilized to compute new and missing indicators through the process of expert calibration (see Figures 2, 3 in Lanzanova et al., 2019). We quantified each component in the riparian zone by establishing a 100-m-long, 20-m-wide transect parallel to the Indus River (see Supplementary Figure 2). Each indicator scores from 1 to 5 on a five-point scale, with each corresponding to a unique site scenario. Poor conditions are reflected in low scores, while good conditions are reflected in high scores. Once the data has been standardized, an overall score of 100 provides a detailed description of the RHIs performed within a given transect. Two categories of parameters were collected from ecological networks. One category is the RHIs, which have 27 parameters which include sub-indices of habitat, plant cover, regeneration, exotics, and erosion indicators. Stressors are treated independently with 11 parameters in the second category. The index flow chart in Figure 3 illustrates the details of all parameters, including their index and sub-indices. These indicators were depicted as actual indicators that were observed in riparian zones during the sampled period. In this study, riparian buffers and stream channel widths were carefully assessed at the same place along transects to determine their impact on ecological indicators at representative sites. In order to create a viable representation of the entire IRB, the researchers analyzed the maximum number of indicators reported in the literature.
[image: Figure 3]FIGURE 3 | List of the riparian health indicators and stressors, along with their respective abbreviations inside the parentheses, used for the upper and lower Indus basin riparian zones of the Indus River in Pakistan. Source: Arif and Changxiao, 2022; Hira et al., 2022.
2.3 Statistical analysis
The statistical analysis was carried out using Origin software, which was released in 2022 (Northampton, MA, USA). It was determined that non-parametric Kruskal–Wallis tests showed significant differences between the RHIs and stressors within the UIB and LIB when the riparian buffer and stream channel widths were changing within the IRB (p < 0.05). This non-parametric test allows comparisons between RHIs and stressor indices or sub-indices on a broad scale (Hira et al., 2022). Principal component analysis (factor analysis) was also used to identify the essential components of both UIBs and LIBs related to RHIs and stressors. In this manner, leading factors are identified (Bombino et al., 2019), thereby lowering potential challenges considering 38 indicators. RHIs and stressors were correlated with riparian buffer and stream channel widths associated with the UIB and LIB river networks by the Pearson correlation coefficient. The correlation coefficient connection in this study represents the connection commonly found in linear models (Arif et al., 2022a). The UIB and LIB index patterns were then analyzed using hierarchical cluster analysis, considering indicators of RHIs and stressors. The thorough analysis permitted the complete combination of similar traits within complex river environments. It is also possible to distinguish between the UIB and LIB river networks using this analysis.
3 RESULTS
3.1 Ecological network responses under changing topographical features
Seven bar graphs (a–g) were created to show the differences in ecological network indices and sub-indices (RHIs and stressors) with 95% confidence levels throughout the IRB’s UIB and LIB regions (Figure 4). The ecological network scored the highest, mostly in the UIB, except for regeneration, which scored well in the LIB. The highest mean scores in the UIB are calculated as follows: 18.31% ± 2.56% for habitat, 8.61% ± 1.21% for plant cover, 16.89% ± 3.91% for erosion, 16.35% ± 2.52% for exotics, 71.08% ± 5.28% for condition, and 34.76% ± 16.99% for stressors. However, regeneration had a mean score of 11.58% ± 2.71% in LIB. These indices were statistically significant at p < 0.01**, except for plant cover, which was significant at p < 0.05* in the UIB. It is important to note that stressors and exotics in LIB were insignificant even at p < 0.05*.
[image: Figure 4]FIGURE 4 | Bar graphs (A–G) for ecological networks in the riparian zones of the Indus River in Pakistan. On the y-axis are the mean scores with 95% confidence intervals (CIs). The standard deviation is represented by the red vertical bar. Data distribution is symbolized by the cyan-blue curve, while the purple rhombus represents data distribution. Note: Kruskal-Wallis’s significance levels correspond to p < 0.01 (**) or p < 0.05 (*) for independent samples. By using Dunn-Bonferroni post hoc tests, we use non-identical lowercase letters (A,B) to distinguish pairwise comparisons between the upper and lower Indus basins.
3.2 Selection of main elements by principal component analysis
The PCA plots for the UIB and LIB are displayed in Figure 5 and demonstrate the relationship between RHIs and stressors in the IRB. This study found that PCA component loadings accounted for 62.79% and 55.84% of the variations recorded for UIB (a) and UIB (b), respectively. We tested the validity of these interpretations using Kaiser-Meyer-Olkin sample adequacy tests [0.727 (a) and 0.767 (b)] and Bartlett’s test of sphericity [0.000 for both (a) and (b)]. It was found that only four stressors were significantly associated with the first significant component of the UIB (Str10, Str8, Str7, and Str4), whereas eight mixed variables (Hab1, PlCov1, PlCov4, Reg1, PlCov8, Ero1, Hab2, and Str1) significantly correlated with the first significant component of the LIB. It was evident that the first component exhibited a consistent positive association in both UIB and LIB, with values ranging from 0.942 to 0.689 and 0.942 to 0.483, respectively. The second main component contained four parameters that were combined into UIB (Exo6, Exo2, Exo5, and Exo4) and LIB (Str8, Str10, Str7, and Str4), and their correlations were favorable, ranging from 0.909 to 0.768 (a) and 0.951 to 0.643 (b). The third significant component in UIB consisted of four variables (Ero4, Ero5, Ero3, and Str3) that were inextricably linked (0.885–0.851 and ̶ 0.461), whereas four exotic variables (Exo6, Exo2, Exo5, and Exo4) in LIB ranged from 0.923 to 0.496. In UIB, the fourth significant component consisted of four variables (Hab1, PlCov1, PlCov4, and PlCov8) that were associated with each other (0.830–0.589), while in LIB, three erosion variables were found (Ero4, Ero5, and Ero3) that varied from 0.864 to 0.750. There were three strongly associated parameters for the five main components in the UIB (PlCov6, Reg2, and Str5), each at 0.778, 0.729, and ̶ 0.656. There was a negative correlation between Str3 and the other parameters. The LIB contained only two variables (PlCov2 and Reg3), ranging from 0.869 to 0.813. The sixth component had three parameters in each UIB (PlCov7, Reg3, and Str3) and LIB (Str3, Str11, and Exo3). All of the parameters in component 6 were intricately linked (0.850–0.522 in UIB and 0.808 to 0.525 in LIB).
[image: Figure 5]FIGURE 5 | Factor analysis (principal component analysis) plots showed the riparian health indicators and stressors along the Indus River in Pakistan’s upper (A) and lower (B) basins. There is a 62.79% and 55.84% explanation for the total variation in the Indus basin riparian zone components according to the PCA factor loadings of the upper (A) and lower (B) riparian zones, respectively. Figure 3 provides further details.
3.3 Relationships of ecological parameters with riparian buffer width and stream channel width
Riparian buffer width and stream channel width–ecological indicators linear relationships at p < 0.001***, p < 0.01**, and p < 0.05* were evaluated using Pearson’s correlations in the IRB’s UIB (a) and LIB (b) sections (Figure 6). It was found that buffer width in the riparian area and stream channel width in the Indus River were positively and negatively correlated with ecological parameters. These ecological parameters were interconnected and had significant relationships with each other (Figure 6). Several ecological parameters were more affected by the changes in riparian buffer width and stream channel width in LIB, and these parameters are associated with higher correlation coefficients among the ecological parameters, ranging from ̶ 0.47*** < r < 0.71*** for riparian width and ̶ 0.41*** < r < 0.32*** for stream channel width. There was a substantial relationship between stressors and RHIs in the LIB under changing these widths, and stressors had a profound influence on plant cover (̶ 0.32*** < r < 0.38***; PlCov3 and PlCov4), habitat (̶ 0.37*** < r < 0.41***; Hab3 and Hab2), regeneration (̶ 0.29** < r < 0.25**; Reg1 and Reg3), exotics (̶ 0.39*** < r < 0.24*; Exo4 and Exo5), and erosion (̶ 0.34*** < r < 0.49***; Ero1). There was a significant correlation between the stressors in the LIB, ranging from ̶ 0.40*** < r < 0.93***; Str1, Str7, and Str8. The RHIs in the LIB also showed strong associations, with highly correlated values, ranging from ̶ 0.51*** < r < 0.93***; Ero1, PlCov1, and PlCov4. Moreover, these stressors in UIB also adversely affected plant cover (̶ 0.34*** < r < 0.26**; PlCov4 and PlCov7), habitat (̶ 0.28*** < r < 0.27**; Hab3 and Hab2), regeneration (̶ 0.19* < r < 0.26**; Reg2), exotics (̶ 0.31*** < r < 0.30***; Exo3 and Exo6), and erosion (̶ 0.38*** < r < 0.23**; Ero2 and Ero1).
[image: Figure 6]FIGURE 6 | Heat maps of Pearson’s correlation for stream channel width (SCW) and riparian width (RW) with the ecological networks (A,B) in the riparian zones of the Indus River in Pakistan. Dark colors indicate strong relationships, whereas light colors indicate weak relationships. The correlations are significant at the 0.001-level (***) (two-tailed); at the 0.01-level (**) (two-tailed); and at the 0.05-level (*) (two-tailed). Figure 3 provides further details.
3.4 Analysis of similarities among indices and sub-indices from the upper and lower indus basins
We examine in more detail the statistical variations of the UIB and LIB indices and sub-indices in Figure 7. Agglomerative hierarchical clustering was used to calculate the distance between each cluster, and dendrogram plots were used to illustrate the relationship between the indices and sub-indices. Each situation was divided into seven groups for both UIB (a) and LIB (b). A similar pattern was observed in the UIB between erosion and condition, while the LIB first exhibited habitat and condition together. The second cluster of the UIB included both regeneration and plant cover, while the LIB identified erosion separately. In Cluster 3, habitat is included within the UIB, while plant cover is included within the LIB. UIB’s fourth cluster showed significant differences when stressors and exotics were grouped together, while LIB’s stressors, regeneration, and exotics appeared differently.
[image: Figure 7]FIGURE 7 | Dendrograms produced by agglomerative hierarchical clustering under the influence of channel width and riparian width for ecological network sub-indexes/index for the upper (A) and lower (B) Indus basin riparian zones of the Indus River in Pakistan.
4 DISCUSSION
This study aims to quantify all possible RHIs under the influence of topographical changes in the UIB and LIB of the Indus River in Pakistan. It is widely acknowledged that stream channel length and riparian buffer width must be taken into consideration even in less developed countries such as Pakistan to implement sustainable water resources programs. Modern countries have long recognized this factor (Kuglerova et al., 2017), and as an example, the state of Oregon has developed several guidelines to protect a variety of riverine zones (Stutter et al., 2021). In that area, the riparian buffer varied from 0 to 152 m depending on land use and stream width (Boisjolie et al., 2017), which is consistent with the riparian width in our study area (Figure 2). However, riverine zones are not protected by well-defined policies along the Indus River. Governments are generally responsible for regulating the width of riparian buffers for both conservation and development purposes (Baggaley et al., 2020). Such rules may need to be simplified in order to make the process of maintaining river widths more practical and safer (Biswas et al., 2019). Nevertheless, riparian width should be evaluated according to the magnitude of the river (Francis et al., 2021). It is common practice to overlook stream networks when dams and reservoirs are constructed on rivers to prevent floods (Cartwright and Irivine, 2020).
Figure 4 shows RHIs and stress indices for a wide range of riparian buffer and stream channel widths. There was a significant difference between the mean scores of the UIB and the LIB regarding plant cover and regeneration. In comparison with the LIB, the UIB had higher mean ratings for habitat, exotics, erosion, overall health, and stress. The LIB may be relatively plain, which may explain the higher level of anthropogenic activities there. There is relatively hilly terrain on the UIB where anthropogenic activities have had a limited impact in Pakistan. Previously conducted research has demonstrated that artificial interruptions of rivers during river management have specific impacts (Muhammad et al., 2022a). The study has indicated that administrative procedures need to be modified regarding expanding riparian areas’ administration. Our results also indicate that the same administrative policies are not technically feasible due to the difference in their effects in the UIB and LIB within the IRB. In addition, we have demonstrated for the first time in Pakistan that riparian buffers and stream width significantly impact river ecosystems.
The riparian width retention laws in Pakistan are missing compared to those in industrialized nations such as the United States and European countries. One of the world’s most extensive continuous irrigation networks can be found in Pakistan (Charles et al., 2018). It is estimated that 95% of the country’s water resources are used for agriculture, and the remainder is used for domestic and industrial use (Naz et al., 2019; Rafique et al., 2020). Current buffer width specifications are unavailable, which could compromise the conservation and restoration of IRB’s ecological indicators (Figure 6). In light of our findings, legislators can develop similar state recommendations, but these recommendations need to be tailored to unique river conditions. The development of such policies may assist in reducing the adverse effects of stress factors on river network systems through the modification of strategies and improvement of management practices (Guo et al., 2021). However, there is still a great deal of uncertainty regarding the ecological response of tributaries to rivers and further research is necessary (Yuancai et al., 2022). The Indus River serves as the water source for the world’s largest continuous irrigation system in Pakistan. An environmentalist viewpoint indicates that rivers in Pakistan differ from those in most other countries that feature wild or semi-wild nature (Rashid et al., 2018). Often, riparian buffers are discouraged in limited stream widths where different sets of regulations apply (Hasselquist et al., 2018). Considering a minimum buffer width for each stream when undertaking large-scale projects such as those associated with the Indus River is necessary. As far as their width is concerned, they should comply with the standards in place in other countries such as the United States, Sweden, Finland, and Canada. There may not be any restrictions due to operational impossibilities or lack of knowledge regarding possible consequences. These issues require urgent attention on the part of the Pakistani government.
The use of set-width methods for riparian demarcation combined with automated approaches produces scientific information that covers both sides of the stream network (Stutter et al., 2021). It is possible to quickly characterize riparian areas using this technology and determine the necessary specifications (Tomsett and Leyland, 2019; Qianwen et al., 2022; Zheng et al., 2022). The fixed-width approach defines functions such as bank erosion, vegetation cover, and debris contribution by riverine vegetation (Haq et al., 2022; Hu et al., 2022). The question of whether stressors located in the riparian zone have substantive scientific links to RHIs is also raised by some people (Muhammad et al., 2022b). This problem has been partly addressed by Canadian researchers who compared ground and soil textures within 100-m riparian zones (Graziano et al., 2022). It was found that vegetation characteristics in the upstream area were associated with soil and land management needs at the national level (Arif and Changxiao, 2022). It compared results from a 30-m-wide riparian strip that evaluated 60 catchments in the United States (Arscott et al., 2006). Land-use changes and how streams are connected show that stress forecasts have helped in some places near the water (Deng, 2019). Similarly, there were significant correlations between the topographical and ecological indicators observed under different land uses in the Three Gorges Dam, China (Arif et al., 2022b).
The PCA plots were extremely useful in identifying key indicators from riparian zones (Figure 5). Pearson correlations have been established between the RHIs and stressors with riparian width and stream channel widths (Figure 6). Stream channel widths and riparian buffers were the most influential factors affecting RHIs and stressors in the LIB. This may be due to more variation in the topographical features in the LIB. Furthermore, we examined the relationships between the indicators and stressors. Stress indices and RHIs were more closely related in the LIB. It was found that the RHIs in LIB showed a moderate correlation with the stress indices in the IRB; however, they had a significant and strong correlation with the RHIs in LIB. There is an agreement between our findings and those of previous studies (Charles et al., 2018; Tariq et al., 2021; Hira et al., 2022).
The RHIs and stressors were correlated clearly with the riparian widths and stream sizes across the IRB riparian zones (Figure 7), considering both UIB and LIB. Differences in location and land use may explain the discrepancy. The results of this study indicate that stream channel management by administrators should not comply with the same sustainable rules (Guo et al., 2021). It is also likely that some discrepancies in buffer activities are due to differences in land use and stream structure between the two jurisdictions (Khalil et al., 2022; Majeed et al., 2022; Monteiro et al., 2022). The UIB and LIB responses in the IRB differ considerably. It is important to recognize that impacts within a single-stream network may differ and that policymakers must establish and implement standards to address these issues. There has been considerable interest in examining techniques for changing widths based on site-specific characteristics since it has long been recognized that fixed-width delimiting is ineffective during riparian transitions (Mac Nally et al., 2008). If data is available, variable-width delimitation may provide insight into the size of critical ecological reasons if fixed-width techniques are scarce. If there is insufficient data at locations, it is difficult to determine the optimal width of riparian buffers to maintain ecological function (Betz et al., 2020). Methods should be specified using data types and outputs for a variety of activities that may be involved.
The interaction between land use management and riparian zones must be considered when identifying and characterizing riparian zones (Luke et al., 2019; Haq et al., 2021a). This consequence influences the predicted role of riparian areas and the management options available to them. It was possible to protect watercourses from pollution by establishing buffer zones; to reduce soil degradation; to maintain ecosystems; and to reduce soil erosion. Failure to focus on buffer zones may be related to the inability to achieve these objectives. Degradation of waterways may be caused by incorrect sustainable conservation methods (Chen Z. et al., 2022; Behzad et al., 2022). The riparian zone can be characterized by plant type, soil type, hydrologic flow regimes, and connectivity with streams through surveys. It is essential to address rivers’ deterioration regardless of their location to prevent further degradation. Ecosystem testing aims to identify important areas, habitats, processes, and functions in a given ecosystem by combining readily available data with statistical analysis and modelling methodologies (Khuroo et al., 2007; Ullah et al., 2022). Therefore, this research discusses assessing influences on riparian zones and adjusting management procedures accordingly.
5 CONCLUSION
The results of our study indicated that ecological indicators and stress indices differed significantly between the upper and lower Indus basins. Statistically significant variations were found for each parameter index and sub-index based on the Kruskal-Wallis tests. The upper Indus buffer width was lower than the lower Indus buffer width. While both share the same pattern of stream channel width. We found that riparian buffers and stream channel widths had the greatest impacts on these parameters in the lower Indus basin. Compared to the upper Indus basin, the lower Indus basin had a higher correlation coefficient between riparian health indicators (habitat, plant cover, regeneration, exotics, and erosion) and stressors. In order to attain a more comprehensive understanding of the similarities and differences between the upper and lower Indus’s basins, cluster analysis was used to determine discrepancies between each set of indices or sub-indices. It was found that indexing mechanisms in the Indus River responded differently to these factors. There is a need to conduct similar studies on long river riparian areas that adhere to similar management practices. Developing new guidelines is essential to prevent the further degradation of large river ecosystems.
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