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Originality statement 

Anthropogenic activities have significantly altered global biogeochemical nitrogen (N) 

cycling leading to major environmental problems including freshwater eutrophication. 

Microbial processes in the riparian zone, the interface between terrestrial and aquatic 

ecosystems, may decrease N loads to streams and rivers via denitrification and N oxidation 

pathways. However, the ecological functioning of riparian zones is often compromised due to 

degraded physical and biological conditions as a result of rapid urbanisation (e.g. vegetation 

clearing and overgrowth of invasive plant species), which reduces their potential to remove 

excess N. Here we show that complex remnant riparian vegetation create soil conditions that 

correlate with an enrichment in putative denitrifier communities (i.e., more putative N-cyclers 

and denitrifying genes), relative to a cleared riparian zone. These results were especially 

profound in the riparian fringe (i.e., parafluvial zone) suggesting that soil conditions 

associated with diverse vegetation and dynamic hydrologic connectivity within this ‘critical 

exchange zone’ support more putative denitrifier communities, resulting in higher potential 

for N removal. To our knowledge, this is the first study to combine 16S rRNA sequencing 

and qPCR of N cycling genes to characterise the N-removal community between a cleared 

and remnant riparian zone. Our findings are important to consider when planning global 

riparian restoration and conservation efforts and highlight the possible direct benefits of intact 

riparian vegetation for ecosystem function.  
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Summary 

Soils in the riparian zone, the interface between terrestrial and aquatic ecosystems, may 

decrease anthropogenic nitrogen (N) loads to streams through microbial transformations (e.g., 

denitrification). However, the ecological functioning of riparian zones is often compromised 

due to degraded conditions (e.g. vegetation clearing). Here we compare the efficacy of an 

urban remnant and a cleared riparian zone for supporting a putative denitrifying microbial 

community using 16S rRNA sequencing and qPCR of archaeal and bacterial nitrogen cycling 

genes. Although we had no direct measure of denitrification rates, we found clear patterns in 

the microbial communities between the sites. Greater abundance of N-cycling genes was 

predicted by greater soil ammonium (N-NH4), organic phosphorus, and C:N. At the remnant 

site, we found positive correlations between microbial community composition, which was 

dominated by putative N oxidisers (Nitrosomonadaceae, Nitrospiraceae and 

Nitrosotaleaceae), and abundance of AOA, nirS, nirK and nosZ, whereas the cleared site had 

lower abundance of N-oxidisers and N cycling genes. These results were especially profound for 

the remnant riparian fringe, which suggests that this region maintains suitable soil conditions 

(via diverse vegetation structure and periodic saturation) to support putative N cyclers; which 

could amount to higher potential for N removal.   
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Introduction 

Anthropogenic activities have significantly altered global biogeochemical nitrogen (N) 

cycling leading to major environmental problems including freshwater eutrophication 

(Vitousek et al., 2006). Soils in the riparian zone, the interface between terrestrial and aquatic 

ecosystems, may decrease N loads to streams and rivers via a variety of biotic and abiotic 

processes, including, microbial denitrification and mineralization, plant and microbial uptake, 

mass flow/diffusion and sorption-desorption to soil/clay particles (Vidon et al., 2010). 

Indeed, maintaining intact riparian vegetation has been used extensively world-wide as a best 

management strategy for N removal from streams (Dosskey et al., 2010; Vidon et al., 2010; 

Franklin et al., 2019). Conversely, the ecological functioning of riparian zones is often 

compromised due to degraded physical and biological conditions as a result of rapid 

urbanisation (e.g. vegetation clearing and overgrowth of invasive plant species), which 

reduces their potential to remove excess N (Cadenasso et al., 2008). Denitrification, an 

anaerobic microbial process, removes N from soils by reducing nitrate (NO3
-) and nitrite 

(NO2
-) to the gases nitric oxide (NO), nitrous oxide (N2O) and dinitrogen (N2). Complete 

removal of nitrite to N2 is preferential for environmental managers because N2O is a 

pervasive greenhouse gas (Prosser et al., 2019). N can also be removed by anammox bacteria, 

which oxidize ammonia and reduce nitrite to produce N2 gas. Understanding the 

environmental conditions (i.e., soil metrics, vegetation structure) that support these processes 

and N cycling microbes (i.e., denitrifiers, ammonium oxidisers) is required to guide riparian 

restoration that maximises N removal.  
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Many studies show that denitrification rates increase with increasing soil moisture (Burgin et 

al., 2010) and carbon concentrations (Groffman and Crawford, 2003; Xiong et al., 2017), 

root biomass (Gift et al., 2010) and plant species richness (Xiong et al., 2017; Ye et al., 

2017), and positively correlate with increased abundance of key denitrification genes; nirS, 

nirK and nosZ (Tatariw et al., 2013; Rocca et al., 2015; Xiong et al., 2017; de Sosa et al., 

2018). However, other studies report that denitrification rates are not correlated with 

denitrifier abundance (Dandie et al., 2008; Henderson et al., 2010) and are highly variable 

depending on local conditions, i.e. season (Burgin et al., 2010; Tomasek et al., 2017). 

Denitrification potential is typically highest in riparian surface soils, where organic matter 

accumulates from decomposing litter, root exudates and microbial residues (Hefting et al., 

2006; Wang et al., 2012), and in areas of the riparian zone that are periodically saturated, 

such as intermittently flooded parafluvial sediments (Holmes et al., 1994). However, few 

studies of riparian denitrification potential have coupled sequencing of microbial 

communities (i.e., high throughput 16S rRNA gene sequencing and/or metagenomic shotgun 

sequencing) with environmental and biotic conditions. Of the few studies, Wang et al. (2019) 

showed that anammox rate is positively correlated with the abundance of key N-removing 

bacteria (e.g. Candidatus ‘Kuenenia’) while Nadeau et al. (2019) found landscape-scale 

patterns in denitrification gene abundances across environmental gradients (soil moisture and 

nitrate).  However, these studies, and others (e.g. de Sosa et al. 2018, Tomasek et al. 2017), 

have focused on understanding denitrification in an agricultural context, where study sites 

often compare agricultural fields and adjacent riparian zones. Furthermore, although plants 

regulate soil conditions few studies have compared riparian vegetation effects on 
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denitrification processes (but see Gift et al., 2010; Dandie et al., 2011; Xiong et al., 2017; Ye 

et al., 2017). In fact, no studies have directly compared the efficacy of remnant and highly 

modified riparian zones for supporting a denitrifying microbial community.  

In the South-west of Western Australia, many riparian zones have been extensively cleared 

by clear-felling since European settlement but some remnant riparian zones still occur within 

urban catchments (Hancock et al., 1996). There is potential for N removal and retention by 

soil microbial communities of these remnant riparian ecosystems however there is little 

understanding of the mechanisms driving their composition. In two contrasting riparian zones 

(remnant and cleared), we sought to answer two key questions using a combination of 16S 

rRNA gene sequencing accompanied with qPCR of archaeal and bacterial N-cycling 

functional genes (AOA, AOB, nirk, nirS, nosZ). While DNA-based analysis alone cannot 

directly predict functional responses (i.e., denitrification activity and rates) it is still a useful 

tool for understanding microbial-N relationships in riparian zones. We sought to answer the 

following questions; 1) do differences in soil physiochemistry (i.e., carbon, nitrogen, 

phosphorus) explain spatial variability of bacterial and archaeal communities and N-cycling 

genes in riparian soils?, and 2) which areas of the riparian zone (i.e., distance from the 

stream) are likely to be most crucial for N removal or retention by microbes? We expected to 

find more taxa linked to nitrogen cycling and more N cycling genes closer to the stream at 

each site due to increased suitability of soil conditions for N removal, i.e., increased soil 

moisture and organic matter content.  
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Results 

Riparian vegetation and soil physiochemistry 

Riparian vegetation surveys revealed that the remnant site was more structurally and 

functionally diverse than the cleared site (Table S1, Table S2, Fig. 1). Structurally, the 

remnant riparian zone was comprised of an overstorey, understorey and groundcover; in 

contrast, the cleared site was mostly groundcover (88% ± 4, Table S1). Perennial, woody 

vegetation (50% cover) and leaf litter (35% cover) dominated the remnant site compared to 

the cleared riparian zone which was covered in exotic plants (82% cover), annual plants (15% 

cover), and leaf litter was absent (Table S1, Fig. 1b).  

The C:N ratio of riparian soil significantly differed between sites, such that C:N at the 

remnant site was more enriched overall in carbon than the cleared site (Table 1). Similarly, 

total carbon content (C), total nitrogen content (N), organic matter content (SOM), moisture 

content (MC) and electrical conductivity (EC) of the soils were all greater at the remnant site 

(Table 1). In contrast, there were higher levels of hydroxide extractable inorganic P (OH-Pi) 

in the cleared soils than the remnant soils (Table 1). Soil concentrations of hydroxide 

extractable organic phosphorus (OH-Po) were variable depending on site and spatial position. 

At the remnant site, OH-Po occurred in high concentrations in the parafluvial zone, 1 m, 2 m 

and 5 m from the stream (ranging from 76.8 to 85.5 µg g-1 dw soil, Table S3). In contrast, 

concentrations of OH-Po at the cleared site were much lower; such that, the highest 

concentrations of OH-Po occurred 5 m from the stream (µ = 41.2 ± 6.2 µg g-1  dw soil), and 

ranged between 17.6 and 27.2 (µg g-1 dw soil) for all other distances (Table 1, Table S3). 
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Ammonium (as N-NH4
+) concentrations were highest in the cleared site fluvial soil (10.1 mg 

kg-1 dw soil, Table S3). There was no difference in nitrate (N-NO3
-) or pH between sites 

(Table 1).  

(Figure 1 here) 

(Table 1 here) 

Riparian soil bacteria and archaea communities 

Alpha diversity (Chao1, Shannon, Inverse Simpsons, and Observed) did not significantly 

differ between sites or among spatial positions (Fig. S1). However, the composition of soil 

microbial communities at the cleared site were distinct from the remnant site 

(PERMANOVA; F1, 46= 8.95, p<0.001; Fig. 2). Soil microbial communities also grouped by 

spatial position, with the greatest differentiation between sites for the parafluvial zone, 1 m 

and 2 m from the stream edge (PERMANOVA; F1,46= 2.27, p<0.001; Fig. 2, top). There was 

a slight difference in microbial communities in the fluvial soil and at 5 m from the stream, 

and no difference at 10 m (Fig. 2).  

(Figure 2 here) 

Differential abundance analysis between the cleared and remnant site found that 77 genera 

were more enriched in the remnant site soils (5% of total number of genera) compared to the 

cleared, while 63 genera were more enriched in the cleared soils, representing 4% of the total 

genera recovered (Fig. 3, Table S4). When taking into account spatial position, parafluvial 
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soils were the most divergent between the two sites, such that 37 taxa were enriched at the 

remnant site and 28 were enriched in the cleared, while the least difference in taxa occurred 

at 5 m from the stream (Table S4). The soil microbial community of the remnant site was 

dominated by putative nitrogen oxidisers, both bacteria (Proteobacteria; Nitrosomonadaceae, 

Nitrospirae; Nitrospiraceae) and archaea (Thaumarchaeota; Nitrosotaleaceae, Fig. S2), 

putative nitrate reducers and denitrifiers (Proteobacteria; Hyphomonadaceae and 

Hyphomicrobiaceae), nematode symbionts (Verrucomicrobia; Xiphinematobacter), degraders 

of soil organic carbon (Verrucomicrobia; Chthoniobacteraceae) and aromatic molecules 

(Proteobacteria; Sphingomonadaceae), and, putative methanotrophs (Proteobacteria; Bauldia, 

Fig. 3, Table S5). Interestingly, the taxa associated with N cycling (i.e., Nitrosomonadaceae, 

Nitrospiraceae and Nitrosotaleaceae) were predominantly differentially abundant in the 

remnant site within the fluvial soil and the first few meters from the stream (i.e., parafluvial 

soil, 1 m and 2 m, Fig. S2). Further, fluvial soils at the remnant site, were enriched in 

Candidatus ‘Brocadia’ (Planctomycetes), a putative anammox (anaerobic oxidation of 

ammonium) bacteria. The remnant site was also enriched in taxa previously isolated from 

unmodified freshwater and soil environments (Table S5). In contrast, the cleared site soil 

microbiome was dominated by several genera of the phyla Actinobacteria, Firmicutes and 

Gemmatimonodetes (Fig. 3). Most abundant were opportunistic, pathogenic genera that are 

known to utilize non-degradable materials, e.g. alkane compounds and aromatic 

hydrocarbons (Actinobacteria; Nocardioides), putative nitrate reducers and carbon cyclers 

(Actinobacteria; Conexibacter), taxa involved in accumulation of phosphate (Actinobacteria: 
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Tetrasphaera), taxa adapted to low soil moisture (phyla Gemmatimonodetes), and those 

previously isolated from agricultural soils (Firmicutes; Bacillus) (Fig. 3, Table S5).  

(Figure 3 here) 

N-cycling functional genes 

The abundance and diversity of N-cycling genes were greatest at the remnant site, 

particularly in the parafluvial, 1 m, 2 m (Fig. 4a, b). For instance, genes associated with N2O 

production (nirS, nirk) and reduction (nosZ) were higher at the remnant site than the cleared 

site when spatial positions were combined (p<0.05, Fig. S3). Spatial position influenced the 

abundance of AOA, nirS,and nosZ; predominantly at the remnant site (Fig. 4a, b).  For 

example, at the remnant site, nosZ in the parafluvial zone soils (µ= 6.4×108 gene copies g-1 

dw soil, n=4) was >3 times and >4 times higher than 5 m and 10 m from the stream (Fig. 4a). 

A similar pattern was observed for nirS, such that gene abundance in parafluvial soils (µ= 

1.9×108 gene copies g-1 dw soil, n=4) was 6.7 times higher than 5 m from the stream and 

>300 times higher than 10 m from the stream (Fig. 4a). AOA abundance in the parafluvial 

zone, 1 m, 2 m and 5 m from the stream (ranging from 0.014×108 to 0.74×108 gene copies g-1 

dw soil) was greater than the abundance at 10 m (µ=1.9×105, n=4), however, AOA 

abundance did not differ with spatial position at the cleared site (Fig. 4a). Total archaeal 

(A16S) and bacterial (B16S) gene copies were higher at the remnant site (p<0.05, Fig. S4). 

AOB abundance did not differ between sites or with spatial position (Fig. 4a, Fig. S3).  
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Constrained Analysis of Principal Coordinates (CAP) revealed that microbial community 

composition at each spatial position from the stream were positively correlated with soil 

physiochemistry and the abundance of N-cycling genes (Fig. S5). Communities in the 

parafluvial soils, 1 m and 2 m from the stream at the remnant site were associated with more 

SOM, C:N, MC, EC and Po, while the cleared site was associated with more Pi (Fig. S5). At 

both sites, microbial communities in the fluvial soils did not strongly correlate with any 

parameter and were distinct from the other spatial positions. For N-cycling genes, a greater 

abundance of AOB gene copies at the remnant site delineated it from the cleared site (Fig, 

4b). Communities in the remnant parafluvial soils, 1 m and 2 m from the stream were 

associated with more AOA, nirS, nirK and nosZ gene copies (Fig. 4b).  

Correlations between individual families and N-cycling genes depended on the bacteria or 

archaea family, site and spatial position. Strong correlations primarily occurred in parafluvial 

soils but were also present in fluvial soils and at 1 m from the stream. At the remnant site, the 

relative abundance of Nitrosomonadaceae, Nitrospiraceae, Nocardioidaceae, 

Sphingomonadaceae, Mycobacteriaceae, Micromonosporaceae and Chitinophagaceae in 

parafluvial soils were positively correlated with the abundance of AOB and nirS gene copies 

(p<0.05, Fig. S6). The relative abundance of Nitrospiraceae was also positively correlated 

with nirS at 1 meter from the remnant stream, and Streptomycetaceae were positively 

correlated in remnant fluvial soils (p<0.05, Fig. S6). At the cleared site, the relative 

abundance of Chitinophagaceae was negatively correlated with the abundance of AOB, nirS, 

nirK and nosZ gene copies but only at 2 m from the stream (p<0.05, Fig. S6). Similarly, at 2 

m from the stream, the family Bacillaceae was negatively correlated with abundance nirS and 
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nirK gene copies, and Burkholderiaceae and Beijerinckiaceae were negatively correlated with 

AOB abundance (p<0.05, Fig. S6).  

Mixed effects models revealed that C:N and concentrations of organic P in the riparian soils 

were good predictors of some N-cycling genes (Table S6). For example, AOA and nirS were 

strongly influenced by C:N, such that their abundance increased when there was more carbon 

present in the soil i.e., larger C:N ratio (Fig. 3c, Table S6). Further, the abundance of these 

genes was also linked to larger concentrations of organic P in the soil, as the interaction of 

C:N and organic P predicted both AOB and nirS (Fig. 3c, Table S6). Soils with higher 

concentrations of organic P also displayed significantly greater abundances of the nosZ gene 

(Fig. 3c, Table S6). AOB abundance was unrelated to any of the physiochemical parameters 

examined. 

(Figure 4 here ) 

Discussion 

Here we show that the microbial community across a remnant riparian zone has greater 

functional potential to perform N (nitrogen) removal processes (i.e., denitrification) than a 

cleared stream reach. Specifically, we found that the remnant site’s microbial community 

composition and putative N oxidisers were positively correlated with the abundance of 

denitrification genes (AOA, nirS, nirK, nosZ). Further, the abundance of N-cycling genes was 

predicted by greater soil ammonium (N-NH4), organic phosphorus and C:N, and this was 

especially profound for the riparian fringe (i.e., parafluvial zone to two meters from the 
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stream). We suggest that soil conditions associated with diverse vegetation and dynamic 

hydrologic connectivity within this ‘critical exchange zone’ support putative denitrifier 

communities, which also results in higher potential for N removal.  

We expected that environmental parameters would change between the remnant and cleared 

riparian sites and with spatial position. We found that soils at the remnant site were organic 

matter (OM) rich with large depositions of decomposing leaf litter compared to the cleared 

site, which had poor accumulation of organic matter. This is likely due to the contrasting 

vegetation structure of the two sites. Perennial and deep-rooted trees dominated the remnant 

site compared to the cleared site, which was comprised of shallow rooted grasses with poor 

capacity to provide and retain organic matter in soils. The sandy soils across the Swan 

Coastal Plain (SCP) are naturally low in OM with poor OM and nutrient retention capacity 

(Salama et al., 2005) thus the presence of deep-rooted vegetation, which not only trap but 

also deposit OM to the soils (Gift et al., 2010), are critical for supporting nutrient uptake and 

retention. The riparian fringe of the remnant site also had the greatest amount of organic 

phosphorus, however, this is not unexpected as fringing vegetation exacerbate OM 

accumulation and mineralisation in riparian soils by trapping OM from the water column and 

maintaining moist conditions (Dosskey et al., 2010). Further, litterfall from riparian 

vegetation is known to increase phosphorus retention in SCP riparian soils by increasing OM 

content (O’Toole et al., 2018). Surprisingly we found little or no difference in KCl 

extractable soil inorganic N (N-NO3 and N-NH4) concentrations between the sites. However, 

fluxes of dissolved inorganic N could still differ between the locations, particularly 

seasonally with shifts in rainfall, but baseline N concentrations remain the same. Nonetheless, 
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this allowed us to compare the putative functions of each microbial community and the 

abundance of gene copy numbers without a confounding effect of differing soil N 

concentration.  

We found clear differences in the soil microbial communities between the two contrasting 

riparian zones; but this depended on spatial position. Community delineation of the remnant 

site from the cleared site was predominantly in the riparian fringe (i.e., parafluvial, one and 

two meter positions) and was driven by specific taxa. Namely, carbon cyclers (i.e., 

Chthoniobacteraceae, Sphingomonadaceae), and putative N-oxidising bacteria and archaea 

that contribute to denitrification (i.e., Nitrosomonadaceae, Nitrospiraceae and 

Nitrosotaleaceae) (Prosser et al., 2014; Lehtovirta-Morley et al., 2016). We also found that 

Candidatus ‘Brocadia’, an anammox (anaerobic oxidation of ammonium) bacteria (van 

Niftrik and Jetten, 2012) was differentially abundant in fluvial soils at the remnant site. 

Further, putative nitrate reducers and denitrifiers (i.e., Hyphomonadaceae and 

Hyphomicrobiaceae) were also differentially abundant at the remnant site although not 

associated with any particular spatial position. However, overall, soil communities of the 

remnant and cleared sites were more alike within the stream, and at five and ten meters into 

the riparian zone. In contrast to the remnant site, taxa at the cleared site had little variation in 

community structure across the riparian zone. Here, communities were predominantly 

Actinobacteria and included taxa associated with N attenuation, e.g. putative nitrate reducers 

(Conexibacter) and N fixers (Devosia) (Jones, 2015; Barka et al., 2016). Other studies of 

riparian microbial communities have found similar differences in community composition 

between stream sediments and riparian soils (Kim et al., 2016), and between forested and 
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pasture riparian soils (Deslippe et al., 2014; Wang et al., 2019), such that more putative N 

cyclers occur in the riparian fringe serving as sinks for inorganic N. The differential 

abundance of these taxa in the fringe of the remnant site is likely due to higher C:N and soil 

OM content, as often microbial community structure is dictated by carbon availability. 

Further, although ammonia oxidising bacteria (AOB) utilise inorganic carbon for growth, 

greater abundance and diversity of AOB are known to be coupled with the presence of more 

available organic carbon due to ‘symbioses’ with neighbouring heterotrophic communities 

(Racz et al., 2010). Additionally, periodic saturation of OM rich riparian fringe soils due to 

changes in streamflow would create fluctuating oxic/anoxic conditions for ammonium 

nitrification by Nitrosomonas and subsequent nitrite oxidation by Nitrospira. 

Previous studies conclude that the denitrification process is tightly coupled with the 

abundance of functional genes; i.e., nirK (Attard et al., 2011), nirS (Deslippe et al., 2014) and 

nosZ copy numbers (Wallenstein et al., 2006; Rocca et al., 2015; Tomasek et al., 2017). 

Alternatively, other studies found no relationship between functional gene abundance and 

denitrification, or that soil characteristics are equal or better predictors of denitrification 

(Attard et al., 2011; Graham et al., 2014). In this current study, soil dissolved inorganic N 

concentrations (N-NO3 and N-NH4) varied little across sites and spatial positions, however, 

based on overall greater abundance of nirS and nosZ, and assuming these genes were active, 

there could be more potential for microbial denitrification at the remnant site compared to the 

cleared site. However, we note that the potential for greater N removal in the remnant 

riparian zone should be confirmed with local measures of denitrification rates (see Rocca et 

al., 2015). AOA, nirS and nirK copies were often more abundant closer to the stream, within 
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the riparian fringe, as has been recently corroborated in other streams by de Sosa et al. (2018) 

and Wang et al. (2019). Further, the structure of microbial communities in the remnant 

riparian fringe was correlated with more N-cycling gene copies (i.e., AOA, nirS, nirK, nosZ). 

These strong links between gene abundance and community structure can be attributed to the 

occurrence of putative N oxidisers and denitrifiers in the community of the remnant fringe 

soils.  

We also observed strong positive relationships between gene copy numbers and soil 

characteristics. For instance, significant positive relationships occurred between AOA, nirS, 

nirK and carbon enrichment (i.e., high C:N), consistent with previous studies (Attard et al., 

2011; Nadeau et al., 2019). Furthermore, greater AOA, nirS and nosZ abundances were 

predicted by higher ammonium (N-NH4) concentrations. This relationship is expected as high 

ammonium concentrations reflect anoxic soil conditions, which are required for anaerobic 

nitrite and nitrous oxide reduction by nirK and nosZ respectively. Alternatively, these 

predictions could reflect N removal by coupled nitrification-denitrification, supported by 

fluctuating oxic-anoxic soil (i.e., drying and rewetting) conditions (Baldwin and Mitchell, 

2002). AOA, nirS, nirK and nosZ were also all positively associated with more organic 

phosphorus concentrations. Similarly, Wei et al. (2017) show that P addition increases 

denitrifying gene abundance and enhances gaseous N loss potential in rice paddy fields 

mainly through stimulating denitrifier growth. Furthermore, abundances of N-cycling genes 

have been strongly and positively correlated with the concentrations of forest soil available P 

(Tang et al., 2016). In our study increased organic P concentration (likely from decomposing 

organic matter) at the remnant site may have contributed to enhanced denitrifier growth, 
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although the exact mechanism remains unclear. Alternatively, this relationship could be 

because a greater proportion of organic phosphorus extracted from the soil was microbial, 

and may be a result of greater total biomass of bacteria and archaea. We acknowledge that 

DNA-based analysis of denitrifying gene abundances alone cannot predict functional 

responses (i.e., denitrification activity and rates) (Tomasek et al., 2017). However, the 

delineation of microbial communities between the sites and across each riparian zone was 

distinct enough to link microbial community composition, abundance of gene copies and 

specific taxa to differences in environmental parameters (i.e., C:N, ammonium, organic 

phosphorus). These findings highlight the importance of maintaining native, spatially 

complex riparian zones for supporting denitrifier communities that could contribute to N 

removal, particularly so within the first few meters of vegetation; the ‘critical exchange 

zone’.  

As land clearing around freshwaters continues to increase and restoration becomes a priority 

for riparian ecosystems, it is important to consider the environmental factors that create 

beneficial riparian zones. Many studies have demonstrated the importance of OM and soil 

moisture for denitrification rates (Groffman and Crawford, 2003; Hefting et al., 2006; 

Dosskey et al., 2010; Gift et al., 2010; McPhillips et al., 2015; Tomasek et al., 2019). Here 

we show that complex remnant riparian vegetation leads to an enrichment of soil carbon (i.e., 

high C:N), greater labile inorganic N concentrations (i.e., N-NH4), and greater organic P 

concentrations relative to a cleared riparian zone, and which correlate with an enrichment in 

putative denitrifier communities in the remnant riparian zone. Collectively, this knowledge is 

important to consider when planning global riparian restoration and conservation efforts, as it 
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can take decades for vegetation re-establishment and for soil OM to accumulate to that of 

native ecosystems (Craft et al., 2003; Hernandez and Mitsch, 2007). Furthermore, our results 

highlight the direct benefits of intact riparian vegetation for ecosystem function in low relief, 

sandy regions (O’Toole et al., 2018). We suggest that future work target active microbial 

populations (i.e., transcriptomics approaches) coupled with denitrification rates to further 

verify our findings and better understand links between denitrifier communities and remnant 

riparian vegetation.   
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Experimental procedures 

Site Description and experimental design 

The study was conducted during July 2017 in two sub-catchments of the Swan – Canning 

catchment that bisects the city of Perth, Western Australia (Fig. 4a). The river system occurs 

on the Swan Coastal Plain (SCP) a geological feature characterised by degraded, low, 

siliceous sand dunes with little silt or clay content (Bassendean sands). Sand content of top 

and subsoil ranges from 60-100% and soil clay content from 0-20% (Australian Soil 

Resource Information System, http://www.asris.csiro.au/mapping/viewer.htm). The SCP 

overlays shallow, nutrient rich aquifers - depth to the water table is often <2 m in low lying 

areas (Donn and Barron, 2013) - and drainage networks are a mixture of interconnected 

cleared, urban and natural drains (wetlands and streams). Perth has a Mediterranean climate 

with the majority of rain falling between May and September. Long-term mean annual 

rainfall is between 800-1100mm.  

A single representative study reach was chosen within each sub-catchment – one remnant and 

one cleared (Fig. 4a). The remnant site was within the Bull Creek sub-catchment where 

drainage is a combination of remnant streams and artificial drains that are directed through 

residential areas, wetlands and reserves. Our site occurred in a remnant reserve that is 

regularly managed to control weeds and water quality. The riparian zone is on a gently 

sloping floodplain that is dominated by perennial native trees (Eucalyptus rudis, Taxandria 

linearifolia, Banksia articulata) and annual native herbs (Hypolaena exsulca, Patersonia 

occidentalis, Fig. 4b). In contrast, our cleared site occurred in the Southern River catchment, 
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a rural zone made up of non-irrigated farmland, residential areas and some remnant 

vegetation upstream. Southern River’s extensive drainage network is dominated by steep, 

man-made, trapezoidal drains as a result of current and historical water table regulation. The 

site was clear felled in the early 1980s and no activity has occurred at the site for at least 10 

years. Current site vegetation has established without intervention and is dominated by 

exotic, herbaceous, annual grasses; Pennisetum clandestinum, Ursinia anthemoides, Ehrharta 

calycina (Fig. 4b).  

At each site, four transects crossing the stream were established along a 100 m reach (i.e., 

every 25 m). At each transect, soil was collected from the fluvial zone (i.e., in the wetted 

channel), the parafluvial zone - the section of the active stream channel that is periodically 

inundated (Gómez et al., 2017), and 1 m, 2 m, 5 m and 10 m from the edge of the stream 

(Fig. S7). Soil samples were placed in polyethylene freezer bags with roots removed and 

transported on ice to the laboratory where they were analysed for physiochemical parameters 

within 2 weeks of collection (see section below).  

Vegetation community surveys were conducted at each study reach to describe alteration to 

composition and structure of riparian vegetation. Four 5 m2 quadrats were established directly 

adjacent to each parafluvial sampling point. Cover of each plant species within the quadrats 

was used to calculate three metrics which were expressed as a percentage. Metric 1 = overall 

mean percentage of exotic plant cover. Metric 2 = the overall mean percentage of annual 

vegetation cover. Metric 3 = the overall mean percentage of woody vegetation cover. These 
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metrics were chosen because cleared reaches are typically dominated by rapid successional 

species such as herbaceous, annual grasses (Boutin and Jobin, 1998). 

Soil analysis 

Field-moist soil samples were sieved to <2 mm and water content was calculated 

gravimetrically in duplicate on 25g of soil dried at 100°C to constant mass. Soil organic 

matter content (SOM) was determined by loss-on-ignition (4 h, 550 °C). Soil pH and 

electrical conductivity (EC) were measured using standard electrodes in a 1:2.5 (w/v) soil-to-

deionised water mixture. Total C (TC) and N (TN) were determined with a TruSpec® 

elemental analyser (Leco Corp., St Joseph, MI). Labile soil phosphorus (P) was extracted 

from 10g of air-dry soil with 50mL 0.1M NaOH on an end-over shaker for 16hrs (Bentley et 

al., 1999). We measured soil total P (Pt; µg P/g soil) by digesting filtered (Whatman 40) soil 

extracts with concentrated H2SO4 on a heat block followed by addition of H2O2 (30%) 

(Bentley et al., 1999). Inorganic P (Pi; µg P/g soil) was determined by acidifying soil extracts 

with concentrated HCl and filtering (Whatman 40) (Bentley et al., 1999). Aliquots of filtrate 

were transferred to 30mL plastic vials for colorimetric Pt and Pi analysis (Murphy and Riley, 

1962). Organic phosphorus (Po; µg P/g soil) was determined as the difference between Pt and 

Pi. Soil nitrate and ammonium were extracted from 5g of field moist soil with 50mL 1M KCl 

on an end-over shaker for 60 minutes (Rayment and Higginson, 1992). Extracts were filtered 

(Whatman 40) and N-NO3
- and N-NH4

+ were quantified using the colormetric method on a 

Bran-Luebbe Autoanalyser 3 (Bran and Luebbe, Norderstedt, Germany), Digital Colorimeter 
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(Technicon, Tarrytown, New York) with a lower detection limit of 0.004mg NL-1 for N-NO3 

and 0.02 mg NL-1 for N-NH4, corrected by soil dry weight. 

DNA extraction and quantitative qPCR 

A subsample of soil (ca. 25 g) was taken from each of the cores used for physicochemical 

analysis and stored at -80 °C prior to DNA extraction. Genomic DNA was extracted from 

three 250 mg (fresh weight) subsamples using the PowersoilTM DNA Isolation kit (Qiagen Pty 

Ltd, Australia) according to the manufacturer’s instructions. Triplicate DNA from pooled 

extractions were quantified using a Qubit™ (Thermo Fisher Scientific) and diluted with 

sterile water to a concentration of 5 ng DNA µl-1 for all subsequent qPCR assays. See Table 

S7 for a list of the primers used to target each community. 

Total bacteria and archaea (via 16S rRNA gene abundance), as well as functional genes 

encoding archaeal amoA, bacterial amoA, nirK, nirS and nosZ were determined by 

quantitative polymerase chain reaction (qPCR) using an ABI ViiA7 qPCR machine (Thermo 

Fisher Scientific, Australia). All reactions were run in triplicate; specific primer sets and 

qPCR cycling conditions are listed in Table S7. Note that we used primer set nosZ1 and 

nosZ2 (Henry et al., 2006) which does not amplify clade II nosZ sequences, and, thus a 

subset of denitrifiers may be missing from our results. The clade II nosZ group is widespread 

across a range of environments and generally occurs in similar abundance as the nosZ clade I 

group (Jones et al., 2013). Therefore, it is likely that our results under-estimate nosZ gene 

abundances. Triplicate blanks were run for each primer set and if amplification was obtained 

then the run was repeated with fresh reagents. Each 20 μL qPCR reaction contained 10 L μL 
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of Power SYBR Green PCR Master Mix (Applied Biosystems, Thermo Fisher Scientific), 0.2 

μL of the specific forward and reverse primer at a concentration of 10 μM, 2 mL bovine 

serum albumin (BSA, Ambion Ultrapure BSA, 5 mg ml-1), 2 µl of template DNA and 5.6 μL 

of water.  Melting curves were generated for each qPCR run and fluorescence data was 

collected at temperatures above the Tm of the primers but below that of the target to verify 

product specificity.  

Standard curves were generated using dilutions of linearized cloned plasmids. Template 

amplified with each primer pair described above, was cloned with the P-GEM T-easy system 

(Promega, USA), plasmid DNA extracted and inserts sequenced using Big Dye Terminator 

chemistry (Australian Genome Research Facility, Western Australia) to confirm correct 

length and identity. Sequence identities were confirmed by a Blastn search on GenBank for 

each of the target genes.  Standard curves generated in each reaction were linear over several 

orders of magnitude (107 - 102 gene copies) with r2 values greater than 0.98. Amplification 

efficiencies ranged from 84 to 99% across all targets. 

16S rRNA sequencing and bioinformatics  

Microbial communities of genomic DNA were profiled using the primers 341F – 806R that 

target the V3-V4 hypervariable region of the 16S rRNA gene and have lower off-target 

amplification of plant chloroplasts (Muyzer et al., 1993; Mühling et al., 2008; Caporaso et 

al., 2011). Sequencing of pooled amplicons, including a blank extraction, was performed by 

the Australian Genome Research Facility (AGRF) on the Illumina MiSeq platform, using 

Nextera XT v2 indices and 300 bp paired end sequencing chemistry.  

This article is protected by copyright. All rights reserved.



Bioinformatic analysis of sequence reads was largely completed following the pipeline 

developed by Comeau et al. (2017). Paired-end reads were assembled by aligning the forward 

and reverse reads by their common overlapping parts using PEAR (version 0.9.1) (Zhang et 

al., 2014). Quality metrics were checked using FastQC (version 0.11.5) and filtered using 

tools in FASTX (version 0.7) and BBmap (version 35.84). Ambiguous and chimeric 

sequences were identified and removed using VSEARCH (version 1.4.0) with the Ribosomal 

Database Project as reference (Rognes et al., 2016). All downstream analyses were 

performed in QIIME (version 1.9.1) (Caporaso, Kuczynski, et al., 2010). Open-reference 

operational taxonomic unit picking was performed using the SortMeRNA method (Kopylova 

et al., 2012) with a minimum identify of 97%. Taxonomy was assigned using UCLUST 

(version 1.2.22) (Edgar, 2010) with the SILVA rRNA as reference (release 132) and 

sequences were aligned using PyNAST (version 1.2.2) (Caporaso, Bittinger, et al., 2010). 

OTUs identified in <1% of the reads were removed as well as reads identified as chloroplast 

or mitochondria. Archaea were not filtered out. General sequencing statistics are provided in 

supplementary Table S8. An extraction blank was also sequenced, and any OTUs that were 

more abundant in the blank extraction than the sample extractions were considered 

contaminants and were subtracted from the samples (Fig. S8). All raw 16S rRNA sequences 

have been uploaded to NCBI Sequence Read Archive under BioProject number 

PRJNA561255. 

Data analysis 
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Distinction between site vegetation communities (i.e., cleared vs remnant) was determined 

using principle components analysis (PCA) of log(y+1) transformed data. Differences in soil 

nutrient concentrations, rarefied microbial alpha diversity (Chao1, Shannon) and N-cycling 

genes (AOA, AOB, nirk, nirS, nosZ) between sites and among spatial positions (i.e., fluvial, 

parafluvial, 1 m, 2 m, 5 m, 10 m) were tested using 2-way ANOVA, where site and spatial 

position (and their possible interaction) were treated as fixed factors. Dissimilarity matrices 

of rarefied (rarefied to 10146; for reads per sample see Table S8) microbial communities 

(beta diversity) across soil spatial positions were constructed using weighted Unifrac of 

relative abundances and visualised using PCoA. Stratified permutational multivariate analysis 

of variance (PERMANOVA; R vegan package function adonis) with 999 permutations was 

conducted to explore the percentage of variance that could be explained by the differences in 

beta diversity between sites and among spatial positions. Beta dispersion among groups (i.e., 

site and spatial position) was checked prior to PERMANOVA (R vegan function betadisper) 

and there was no difference in dispersion between the groups (p>0.05). Further, correlations 

between microbial community composition and soil physiochemistry or N-cycling gene 

abundance were analysed and visualised (by site and spatial position) with Constrained 

Analysis of Principal Coordinates (CAP). Differential abundance of OTUs between landuse 

type and across soil spatial positions was performed on raw data using a parametric fit type in 

the DESeq2 package (McMurdie and Holmes, 2014). Relationships between individual 

genera and N-cycling gene abundance was determined for each site using Pearson’s 

correlation coefficient (α≤0.05). Significance for both differential abundance and Pearson’s 

correlations were determined by Benjamini–Hochberg corrected p values < 0.05. Finally, 
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linear mixed effects models were used to determine if soil physiochemical variables 

(ammonium, C:N and organic P) could predict the abundance of N-cycling genes with the 

global model; y = C:N + Ammonium(NH4) + Organic phosphorus (Po) + C:N*NH4 + C:N*Po 

+ NH4*Po + Site (random factor) + Distance (random factor). All dependant variables were 

log(y+0.1) transformed to meet the assumptions of homoscedastic residuals. In addition, all 

independent variables (model terms) were centred on zero and scaled to one standard 

deviation.  

All statistical testing was carried out in R (R software, version 3.4.1; R Project for Statistical 

Computing, http://www.r-project.org/) using the Phyloseq (version 1.14.0) (McMurdie and 

Holmes, 2013), ggplot2 (version 2.2.1) and vegan (version 2.4-3) packages.  Mixed effects 

models were fit using the ‘lmer’ function from the R lme4 package (Bates et al., 2015). All 

inference was based on models averaged across all possible combinations of covariates based 

on model weights derived from AIC scores using the ‘model.avg’ function from the R 

MuMIn package (Bartoń, 2013). We considered model covariates statistically different from 

zero when model-averaged 95% confidence interval did not include zero (approximating 

α≤0.05). 
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Table and figure legends 

Table 1. Physiochemical composition of soils across a remnant and a cleared riparian zone. 

Values are presented as site means ± SE (n=4). Soils were sampled at six positions; in the 

fluvial zone, the parafluvial zone, and 1 m, 2 m, 5 m and 10 m from the stream bank. Letters 

indicate results of 2-way ANOVA between site and spatial position (α=0.05). SOM = soil 

organic matter, MC = Moisture content. All soil metrics are reported by soil dry weight. 

Physiochemical composition of soils by site and distance are provided in Table S3. 

Figure 1. A) The location of study sites (remnant - Bull Creek catchment and cleared - 

Southern River), their catchments, and land use on the Swan Coastal Plain, southwestern, 

Western Australia. B) Principle components analysis (PCoA) of site vegetation communities. 

Eigenvectors represent correlations of individual plant species.   

Figure 2. Beta diversity of 16S rRNA sequencing of stream and riparian soils from a remnant 

versus cleared site (top). Soils were sampled in the fluvial zone, the parafluvial zone, and 1 

m, 2 m, 5 m and 10 m from the stream bank. Principal coordinates analysis (PCoA) of 

weighted UniFrac distances with 95% confidence ellipses for site and spatial position. PCoA 

has been faceted by spatial position for ease of interpretation. 

Figure 3. Differentially abundant OTU phyla (significance of p< 0.001, agglomerated by 

genus) in soils across a remnant and cleared riparian zone. OTUs are arranged by increasing 

significance of their adjusted p values and the direction of the log 2-fold change. Greater than 

0 log 2-fold change indicates OTUs more differentially abundant at the remnant site. 
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Figure 4. A) Abundance of archaea and bacteria nitrogen cycling functional genes (qPCR) in 

soils across a remnant and cleared riparian zone. Soils were sampled in the fluvial zone, the 

parafluvial zone, and 1 m, 2 m, 5 m and 10 m from the stream bank. Significant post-hoc 

comparisons (p<0.05) are indicated by lowercase letters. B) CAP ordination discriminating 

bacterial assemblages between sites and across the riparian zone. Correlations of N-cycling 

genes with canonical axes are visualised as arrows. CAP was significant with p<0.001. C) 

Predicted abundance of N-cycling gene copies (logged) as relates to C:N (top), ammonium in 

mg/kg of soil dry mass (centre) and organic phosphorus in g/kg of soil dry mass (bottom).  
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Variable  Cleared Remnant ANOVA 

C (g kg-1)    14.5 ± 1.90 63.7 ± 13.9 A 

N (g kg-1)   0.98 ± 0.11 2.83 ± 0.62 A 

C:N  14.5 ± 0.41 22.6 ± 0.78 A 

SOM %[wt.]  6.25 ± 0.87 17.3 ± 4.40 A 

MC %[wt.]  23.0 ± 2.96 36.8 ± 3.30 A,B,C 

pH  5.52 ± 0.08 5.61 ± 0.06 B,C 

EC (µS/cm)  76 ± 27 180 ± 50 A 

OH-Pt (µg g-1)  51.3 ± 4.26 75.2 ± 9.12 A,B 

OH-Pi (µg g-1)  24.8 ± 1.92 15.80 ± 2.32 A 

OH-Po (µg g-1)  26.5 ± 2.94 59.5 ± 7.53 A,B,C 

N-NO3 (mg kg-1)    0.79 ± 0.16 0.68 ± 0.18 - 

N-NH4 (mg kg-1)  4.64 ± 0.81 5.49 ± 0.85 C 

A = Site (p<0.05), B = Distance (p<0.05), C = Site*Distance (p<0.05)  
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Figure 1. A) The location of study sites (remnant - Bull Creek catchment and cleared - Southern River), their 
catchments, and land use on the Swan Coastal Plain, southwestern, Western Australia. B) Principle 
components analysis (PCoA) of site vegetation communities. Eigenvectors represent correlations of 

individual plant species. 
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Figure 2. Beta diversity of 16S rRNA sequencing of stream and riparian soils from a remnant versus cleared 
site (top). Soils were sampled in the fluvial zone, the parafluvial zone, and 1 m, 2 m, 5 m and 10 m from 

the stream bank. Principal coordinates analysis (PCoA) of weighted UniFrac distances with 95% confidence 
ellipses for site and spatial position. PCoA has been faceted by spatial position for ease of interpretation. 
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Figure 3. Differentially abundant OTU phyla (significance of p< 0.001, agglomerated by genus) in soils 
across a remnant and cleared riparian zone. OTUs are arranged by increasing significance of their adjusted p 

values and the direction of the log 2-fold change. Greater than 0 log 2-fold change indicates OTUs more 
differentially abundant at the remnant site. 
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Figure 4. A) Abundance of archaea and bacteria nitrogen cycling functional genes (qPCR) in soils across a 
remnant and cleared riparian zone. Soils were sampled in the fluvial zone, the parafluvial zone, and 1 m, 2 

m, 5 m and 10 m from the stream bank. Significant post-hoc comparisons (p<0.05) are indicated by 
lowercase letters. B) CAP ordination discriminating bacterial assemblages between sites and across the 

riparian zone. Correlations of N-cycling genes with canonical axes are visualised as arrows. CAP was 
significant with p<0.001. C) Predicted abundance of N-cycling gene copies (logged) as relates to C:N (top), 
ammonium in mg/kg of soil dry mass (centre) and organic phosphorus in g/kg of soil dry mass (bottom). 
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