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Abstract 

Temporary streams are those which stop flowing, and which typically dry, and form 52% 

of the global river network. Temporary streams are subjected to human impacts such as 

climate change, over-abstraction and channel modifications. Despite these threats, many 

studies do not fully characterise terrestrial species, or focus on aquatic macroinvertebrate 

responses to hydromorphology in perennial systems or responses to intermittence itself. 

Our lack of understanding means we cannot accurately assess the ecological health of 

temporary streams, and thus cannot effectively manage these ecosystems to protect, and 

potentially restore, their biodiversity. Therefore, this study aimed to analyse 

macroinvertebrate and dry-phase plant and invertebrate community responses to 

variability in habitat conditions, particularly those indicative of human impact.  

The study sites were in temporary chalk streams in southern England, predominantly with 

agricultural and urban land use. An Environment Agency dataset was used to analyse 

macroinvertebrate community responses to hydromorphological conditions across a range 

of flow regimes (perennial to intermittent), characterised by a standardised habitat survey 

method. Dry-phase plant communities were surveyed using a modified version of a UK 

standard regulatory method to incorporate terrestrial species, and dry-phase invertebrate 

communities were sampled using pitfall traps, with environmental conditions characterised 

at each site. 

Macroinvertebrates responded predominantly to flow and vegetation, with communities at 

intermittent sites particularly responding to the latter. These responses indicate that 

manging intermittent sites to restore flow and vegetation complexity could improve 

community resilience. Dry-phase invertebrates responded to vegetation (e.g. structural 

complexity), which was indicative of land use, in addition to sediment composition and 

moisture. Dry-phase plant communities responded to nutrient concentrations, despite a 

strong influence of sediment moisture, with metrics including plant dominance and grass 

richness increasing with increasing phosphorus concentrations. These results could 

inform biomonitoring methods and management practices to assess and protect 

ecosystem health regardless of in-channel flow conditions. 
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Chapter One: Introduction and research context 

  

1.1  General introduction 

Temporary rivers and streams are watercourses which stop flowing, and typically dry 

completely or partial, leaving disconnected pools (Leigh et al., 2016). Flow cessation can 

occur at any point in a watercourse, with most streams having both perennial and 

temporary reaches (Costigan et al., 2017). The variations in the flow regime create a 

mosaic of aquatic, semi-aquatic and terrestrial habitats, and resultant biological 

communities, continually changing at various spatial scales (Arthington et al., 2014; Datry 

et al., 2014a). Temporary streams can be split broadly into two types: intermittent streams 

which stop flowing predictably, usually seasonally, or stop flowing in multiple year cycles, 

and ephemeral streams which flow due to rainfall (Belmonte & Beltran, 2001; Hansen, 

2001; McDonough et al., 2011). They occur naturally in all biomes, representing around 

51% of streams worldwide (Acuña et al., 2017; Messager et al., 2021) and can be 

considered more representative of global river systems than their perennial counterparts 

(Steward et al., 2012). Climate can have a strong influence on temporary stream flow 

regimes. Streams in arid regions are more likely to be dry for long periods of time, flowing 

during and after rainfall events, whilst streams in Mediterranean climates with hot, dry 

summers and mild, wet winters are likely to be seasonal, with flows associated with 

fluctuations in the water table (Gordon et al., 2004; Bonada & Resh, 2013). 

Historically, temporary rivers have been overlooked, particularly in temperate climates, by 

both terrestrial and aquatic disciplines as they were not perceived to be within either 

science (Steward et al., 2012; Datry et al., 2017; Acuña et al., 2017). However, in the past 

thirty years the number of temporary river studies has increased (Leigh et al., 2016), 

providing an assortment of ecosystem services, supporting ecosystem processes and 

demonstrating their diverse and specialised aquatic and terrestrial biodiversity (Steward et 

al., 2012; Corti & Datry, 2016; Datry et al., 2017; Stubbington et al., 2020). The 

biodiversity found in temporary streams can be partially attributed to their physical 

diversity which influences the variability in environmental drivers (e.g. geology, flow 

regime), that determine the availability of differing habitats such as riffles, pools and the 

dry channel (Stubbington et al., 2017). For example, in the UK, there are a range of 

temporary stream types, each with different hydrogeomorphological characteristics and, 

consequently biodiversity, with some streams supporting specialists. There are predictably 

flowing, typically lowland, chalk streams, karstic limestone streams where drying relates to 

fissures in the bedrock and upland mountain streams which only flow in the snowmelt. 
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These systems, and other freshwater ecosystems, are under threat from numerous 

anthropogenic impacts such as climate change, land-use change, over-abstraction, and 

channel morphology alterations.  

The lack of recognition of temporary streams, and their varying flowing, ponded and 

drying phases, has previously meant that dry-phase biomonitoring is either rare, or 

methods for all phases are based on those developed for perennial streams, which are 

inefficient, and likely inaccurate, for temporary streams (Stubbington et al., 2018; Crabot 

et al., 2021). Biomonitoring methods rarely incorporate the dry phase or terrestrial taxa, an 

important community within the ecosystem, and if they are included identification is to a 

coarse taxonomic resolution limiting inferences to ecological health (Stubbington et al., 

2018). Without sufficient knowledge and biomonitoring methods, particularly for the dry 

phase, it is difficult to assess temporary stream ecological health, and thus to inform their 

restoration. Therefore, improving our knowledge of temporary streams including their 

aquatic and terrestrial species throughout all flowing, ponded and dry conditions, is crucial 

to monitor, restore and protect these ecosystems and their biological communities.  

This chapter will present a review of the literature exploring temporary streams: their 

hydrology, geology, geomorphology, and biological communities, in addition to the 

ecosystem services they provide and the threats they face. Also, I will present an 

overview of biomonitoring and restoration, including the current methods and legislation. I 

will expand on the rationale for this thesis and outline its structure. 

1.2 Temporary streams 

1.2.1 Hydrology 

Temporary streams are hydrologically dynamic and experience the cycling of three main 

environmental states: lotic (flowing), lentic (ponding), and terrestrial (dry) phases (Cid et 

al., 2017). The hydrological links between the channel and its catchment can occur 

longitudinally (e.g. from upstream to downstream), laterally (e.g. between the channel and 

the riparian zone) and vertically (e.g. between the channel and the hyporheic zone: an 

area between the groundwater and surficial sediments), and is particularly important in 

temporary streams, influencing the movement of sediment, organic matter, nutrients and 

organisms within the system (Ward, 1989; Freeman et al., 2007; Nadeau & Rains, 2007).  

During the flowing phase, temporary streams resemble perennial streams with 

hydrological connectivity between the channel and riparian zone and differing flow 

velocities within the channel. Riffles and pools can form due to high and low energy flows 

respectively (Allan & Castillo, 2007; Bisson et al., 2017). As flow discharge begins to 

reduce between the lotic and lentic phases, the water levels begin to drop, isolating the 
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water in the channel from the marginal habitats (Boulton, 2003). Pools may form in deeper 

areas of the channel as the water levels continue to drop, whereas raised sediment, such 

as riffle crests and bars become exposed (Corti et al., 2011; Hwan & Carlson, 2016; 

Datry, 2017). The presence and connectivity of these pools is highly variable: dependent 

on the geomorphology of the stream (the sediments and shape of the channel) and/or the 

time that has passed since flow recession/drying began (Gasith & Resh, 1999; 

McDonough et al., 2011; Hwan & Carlson, 2016). The dry phase begins when the 

streambed is largely dry, and most pools have receded, leading to increased 

fragmentation hydrologically, and therefore in aquatic habitat (Hwan & Carlson, 2016). 

However, water can still be present below the streambed in the hyporheic zone, allowing 

vertical connectivity to any remaining surface water (Argyroudi et al., 2009; Costigan et 

al., 2017). Once flow resumes and water levels increase, isolated pools are re-connected, 

and any organic matter and material accumulated during the dry phase is swept 

downstream (Nadeau & Rains, 2007; Obermann et al., 2007; Corti & Datry, 2012). 

Variations on this typical cycle are considerable because the duration and spatial 

occurrence of each state vary between streams or reaches (Stanley et al., 1997).  

The flow regime of intermittent streams is influenced strongly by seasonal precipitation 

patterns and/or fluctuations in the water table (Gordon et al., 2004; McDonough et al., 

2011), meaning that the flowing, ponded and dry phases occur predictably, often in a 

certain season. During the flowing phase the water table is above the channel bed, 

typically during winter when evaporation levels are low and precipitation is high (Williams, 

2006; McDonough et al., 2011; Snelder et al., 2013; Figure 1.1a). Whilst the dry phase 

tends to occur during the late spring, summer and early autumn, when the water table is 

at its lowest (Berrie, 1992; McDonough et al., 2011; Snelder et al., 2013; Figure 1.1b). 

However, in alpine streams, flow stops during the winter when the streams freeze and 

flows during spring when the water stored in the ice is released as it melts (Robinson et 

al., 2016).  
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Figure 1.1. A cross section of intermittent streams with a) high and b) low groundwater tables, the 

groundwater tables represented by the blue line and the arrows representing the movement of 

water (adapted from McDonough et al., 2011, CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/). 

In contrast to intermittent streams, ephemeral streams flow aseasonally, having typically 

longer dry and non-flowing states that last months or years, with flow only occurring in 

response to low frequency, high magnitude rainfall events (Belmonte & Beltran, 2001; 

Hansen, 2001; McDonough et al., 2011). The groundwater table in ephemeral streams is 

constantly below the channel bed, meaning there is no baseflow from groundwater 

(Gordon et al., 2004; McDonough et al., 2011; Figure 1.1). 

Temperature can also influence temporary streams and their flow regimes. Higher 

temperatures promote greater evapotranspiration, allowing streams to dry more readily 

and often meaning watercourses are more likely to follow rainfall patterns, resulting in an 

ephemeral flow regime (Dieterich & Anderson, 1998; Gasith and Resh, 1999). In contrast, 

in northern Canada and other areas with subarctic climates, where temperatures are low 

(Köppen climate classification Dsc), flow can cease when precipitation is stored in the 

permafrost during the cold winter months (Buttle et al., 2012). Temperatures above zero in 

these climates can also impede the accumulation of snow, which can be an important 

water input into stream systems (Robinson et al., 2016; Costigan et al., 2017). Although 

cooler temperature climates, such as that in the UK, experience warm summers and cold 

winters, there are no extreme fluctuations in temperature, meaning flowing and drying 

phases are more predictable, relying more on the water table fluctuations (Stubbington et 

al., 2017). 
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1.2.2 Geology and sediments 

The underlying geology or bedrock of a stream has strong influence on its flow regime and 

chemical properties (Sear et al., 1999). In temporary streams, the bedrock strongly 

influences patterns of flow cessation. Streams with porous bedrock, such as chalk, are 

likely to have increased natural intermittence because water can travel through the 

bedrock into groundwater storage, which then provides a steady source of water for 

streams (Mainstone 1999; Smith & Wood, 2002; Costigan et al., 2017. Similarly, karstic 

limestone streams lose water through fractures in the bedrock and have strong 

groundwater linkages, leading to a seasonal flow regime (Buttle et al., 2012). 

Impermeable bedrocks can lead to ephemeral flows with insufficient groundwater linkages 

to supply the stream with sufficient flows (Costigan et al., 2017).  

Sediment composition is influenced by flow and vegetation, with flow transporting 

sediment particles from upstream to downstream and differing vegetation structures 

trapping sediments (Bull, 1997; Jaeger et al., 2017). The size, presence and transport of 

sediment in a given location is also influenced by the balance between the ability of the 

flow carry certain sediment sizes (i.e. flow competence) and the availability and size of 

sediment for potential transport within the channel. In temporary streams, the transport of 

larger sediments typically only occurs during flowing phases when flow competence is 

higher, with smaller sediment sizes (e.g. silts) potentially still transported during lower-

energy flowing phases. When flow declines as the stream dries, sediment is then 

deposited, as flow competency drops, and then builds up on the streambed (Reid & 

Frostick, 2011).  

1.2.3  Geomorphology 

Fluvial geomorphology refers to the landforms, and associated sediments and processes 

of a streams, and how they interact with the landscape (Brierley & Fryirs, 2013). Rivers 

and streams are formed by a series of erosional and depositional processes, variations in 

which create the considerable differences in stream geomorphology and associated 

features (Williams, 2006; Jaeger et al., 2017). Stream geomorphic characteristics include 

channel morphology, geology and sediments, which form the basis of the physiochemical 

processes that occur in stream and influence habitat availability (Jaeger et al., 2017).  

Stream geomorphology is closely tied to hydrology, with the discharge of a watercourse 

influencing geomorphological diversity and the distribution of geomorphic features (Rolls 

et al., 2012). High energy flows create erosional features such as pools, whilst low energy 

flows create more depositional features, such as riffles (Charlton, 2007; Rolls et al., 2012). 

Temporary streams are more geomorphologically variable than perennial watercourses, 
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largely due to the wide range of flow regimes they possess (Costigan et al., 2017; Jaeger 

et al., 2017) and include systems ranging from wide, alluvial channels to narrow V-shaped 

channels with coarse sediments (Costigan et al., 2017). Other influences upon 

geomorphology include climate and catchment properties such as soil, vegetation and 

topography (Bunn & Arthington, 2002; Jaeger et al., 2017). Hillslope gradients can change 

how water moves through the system; narrow, steep valleys mean that water movement is 

confined and moves quickly through the network, leading to increases in channel incision 

(Costigan et al., 2017; Kuo et al., 2017). Flat, wide valleys tend to have streams with more 

meandering and braided channels, due to the decreased sediment size and increased 

deposition (Allan & Castillo, 2007).  

A stream channel cross-section is influenced by interactions between flow and sediment 

regime, substrate erodibility, and any vegetation or debris (Allan & Castillo, 2007; Jaeger 

et al., 2017). In most streams, channels are formed through erosion, with lowland streams 

also modified by depositional features like deltas (Williams, 2006). In temporary streams, 

however, channel morphology may not be as closely linked to fluvial processes in 

comparison to perennial watercourses, due to the cessation of flow. Bedforms may not 

have time to develop to reflect those typical of the flow if flow velocity and discharge 

change too quickly (Buttle et al., 2012). 

The catchment position of a stream reach influences its channel morphology. Streams in 

upland areas are usually characterised by single thread channels and have little to no 

floodplain (Allan & Castillo, 2007; Jaeger et al., 2017), and lowland streams tend to have 

wider channels, with extensive floodplains (Jaeger et al., 2017). Mid-reach channels 

usually reflect an intermediate shape between upland and lowland streams, with more 

variable erosional and depositional conditions (Jaeger et al., 2017). These longitudinal 

patterns are usually concurrent with an increase in discharge as catchment size increases 

(Buttle et al., 2012). However, in temporary streams, there may be significant transmission 

losses, defined as the loss of water in channel from evaporation and infiltration to 

groundwater (Jarihani et al., 2015), resulting in decreases in discharge in lowland streams 

(Jaeger et al., 2017). These discharge decreases may result in considerable variation in 

the morphology of temporary streams in lowland areas, with some having particularly low 

sinuosity and shallow cross-sections (Jaeger et al., 2017). 

Riffle and pool bedforms are usually characteristic of moderate to low gradient streams, 

and gravel or mixed sediment beds, (Emery et al., 2003; Allan & Castillo, 2007) including 

UK chalk streams (Holmes, 1999). The variations in riffle and pool distributions may 

impact on the surface sediments, bedform stability and flow patterns, providing a variety of 
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microhabitats for communities (Emery et al., 2003; Marziali et al., 2010; Costigan et al., 

2017). 

1.2.4 Biological communities 

Temporary streams can be considered as both aquatic ecosystems which dry, and 

terrestrial ecosystems that become inundated (Larned et al., 2010; Dell et al., 2014; 

Stubbington et al., 2017): the variations in flow creating a mosaic of aquatic and terrestrial 

habitats (Larned et al., 2010). These flow variations mean communities range from fully 

aquatic to fully terrestrial, the community composition, colonisation and succession 

changing between phases and according to phase duration (Sánchez-Montoya et al., 

2016; Steward et al., 2017). As highly dynamic habitats, temporary streams can support 

high biodiversity including microorganisms, macrophytes, invertebrates, amphibians, 

reptiles, fish and mammals. Generalist taxa comprising of those found in the perennial 

reaches and riparian zones, can often dominate temporary stream communities, although 

specialists can also colonise the differing phases (Datry et al., 2014a; Corti & Datry, 2016; 

Stubbington et al., 2017). For example, some insect species in arid climates and in 

'winterborneô chalk streams are specialists found only in temporary streams (Steward et 

al., 2011; Armitage & Bass, 2013). The evolution of adapted specialists can be promoted 

by predictable intermittence regimes (Stubbington et al., 2017). 

Following flow cessation, lotic organisms die or survive in refuges (e.g. in pools or the 

hyporheic zone) as the aquatic habitat availability decreases, and are replaced by lentic 

and terrestrial taxa (Lake, 2003; Stubbington et al., 2011; Datry et al., 2014a). The biota 

that remains in the pools can be subjected to numerous stressors, particularly if the pools 

become isolated, such as high temperatures and a decrease in dissolved oxygen 

(Williams, 1997; Bogan et al., 2017). Terrestrial taxa can colonise the dry riverbed once 

flow recedes and sediments become exposed, entering the channel from the surrounding 

marginal and riparian habitats, or potentially reaches up or downstream (Steward et al., 

2012; Datry et al., 2017). Recent research highlights that the dry sediments are an 

important habitat for terrestrial organisms (Steward et al., 2012; Rosado et al., 2015; 

Sánchez-Montoya et al., 2020), including in UK chalk streams (Bunting et al., 2021), and 

support persisting aquatic biota (Stubbington & Datry, 2013). Then once flow resumes, the 

terrestrial biota which inhabited the channel during the dry phase, and any organic matter 

which accumulated during this time are often flushed downstream (Corti & Datry, 2012; 

Rosado et al., 2015). Many terrestrial or dry-phase invertebrates can survive being 

flushed down stream by, for example, using any floating organic matter to escape flooding 

(Corti & Datry, 2012; Rosado et al., 2015). Following flow resumption, aquatic biota begin 

to recolonise the channel, typically from perennial reaches upstream but also the 
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sediments, the rate of recolonisation influenced potentially by the dry phase duration 

(Dostine et al., 1997; Hill et al., 2019). 

1.2.4.1 Perennial and temporary biodiversity comparisons  

The alpha diversity, or local taxa richness, of aquatic invertebrate biota in temporary 

streams is generally lower than in perennial streams, and decreases with increased 

intermittence (Datry et al., 2014a; Soria et al., 2017; Gauthier et al., 2020). However, after 

extended flowing phases, temporary streams may support comparable alpha diversity to 

perennial streams, in comparison to dry or ponded phases when aquatic habitat 

availability is much lower or non-existent (Soria et al., 2017). Additionally, spatial and 

temporal beta diversity (i.e. the variability among communities in space and time), can be 

higher in temporary streams when considered over all phases and includes both aquatic 

and terrestrial taxa (Corti & Datry, 2015; Bogan et al., 2017), and contributes to regional 

(i.e. gamma) diversity (Clarke et al., 2008; Stubbington et al., 2017). This increase in beta 

diversity can be dependent on phase duration, and the taxonomic group. Streams with 

shorter dry phases may have higher beta diversity in aquatic organisms (Leigh and Datry, 

2017) but potentially lower in terrestrial organisms in comparison to streams with longer 

dry phases. Equally, beta diversity can decrease as the harshness of disturbance 

increases through eliminating a large portion of poorly adapted species (Chase, 2007; 

Leigh and Datry, 2017).  

1.2.4.2 Adaptations 

Temporary streams are characterised by their changing flow regime, which has led to taxa 

with adaptations that enable persistence despite the cycling between flowing and dry 

(Lytle & Poff, 2004; Steward et al., 2012; Bonada & Resh, 2013). Physiological (an 

internal process of the body), behavioural (a response to the disturbance through reacting 

to an environmental cue), morphological (an advantageous modification to the body), and 

life history (the synchronisation of flow regime and life-cycle stages) strategies are all 

types of adaptations to enable taxa to avoid or cope with disturbance (Schwartz & 

Jenkins, 2000; Lytle & Poff, 2004). In intermittent streams, a natural predictable regime 

may mean communities are more likely to comprise taxa that have adapted to survive 

disturbance, leading to a more stable community over time (Adis and Junk, 2002; 

Sarremejane et al., 2017). However, these natural adaptations may be insufficient in 

streams with anthropogenic modifications such as water abstraction, which may influence 

the phase duration (Skoulikidis et al., 2017). 

The two main categories of adaptation strategies can be defined as those promoting 

resistance or resilience. Resistance strategies confer the ability to tolerate disturbance 
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events in situ, and resilience strategies enable taxa to recover from a disturbance (Lake, 

2000; Bogan et al., 2017). Common adaptations conferring resistance include desiccation-

resistant stages e.g. invertebrate eggs, or plant fragments and taking refuge in remaining 

pools or perennial reaches (Chester & Robson, 2011), whilst both active and passive 

dispersal are a common resilience strategy (Bogan et al., 2017). The resilience and 

resistance strategies may be influenced by the duration and intensity of drying, in addition 

to the proximity of perennial reaches (Bogan et al., 2017). 

1.2.4.3 Temporary stream plant communities 

As primary producers, the plants of temporary streams are at the base of the trophic 

network, making them an essential part of any temporary stream community (Sabater et 

al., 2017). Plants rely upon water availability as a main resource, which is limited in the 

dry, and potentially ponded, phases of a temporary stream regime. The loss of water 

during the ponded and dry phases also influences other habitat conditions, increasing 

solar radiation levels, gravitational pull, carbon dioxide levels, and light availability (De 

Wilde et al., 2014; Sabater et al., 2017). Despite these challenging conditions, temporary 

streams can often host a high diversity of plant species (Westwood et al., 2006a; Sabater 

et al., 2017), supporting vascular plants, mosses and algae (Sabater et al., 2017), during 

flowing and ponded phases, and also terrestrial mosses, herbs and grasses during the dry 

phase (Holmes, 1999; Westwood et al., 2006b).  

Intermittent flow regimes can even have the highest riparian plant cumulative richness and 

beta diversity over time in riparian communities in comparison to perennial and ephemeral 

streams (Katz et al., 2012). This positive effect can be attributed to the multiple moisture 

conditions created at intermittent sites during non-flowing phases (Katz et al., 2012). 

Chalk streams, which are often intermittent, are recognised for their diversity, including 

their macrophyte communities, which are often dominated by species of water-crowfoot, 

(Westwood et al., 2006a), alongside other species such as whorl grass, lesser water-

parsnip, water-starwort, creeping bent grass and marsh foxtail (Holmes, 1999; Westwood 

et al., 2006b). Whilst beta diversity has not been quantified for plant communities in chalk 

streams, longitudinal changes in communities have been characterised, indicating that 

intermittence also supports network-scale spatial beta diversity in these systems. 

The substantial changes in habitat conditions between flowing and drying phases mean 

plants require adaptations to survive these conditions, with the duration and intensity of 

each phase influencing community resistance and resilience once flow returns (Sabater et 

al., 2017). Some species can endure drying above the bed, whilst in others, aboveground 

biomass may die but survive in the sediments through desiccation-resistant fragments and 
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seeds (Steward et al., 2012; Sabater et al., 2017). Other common adaptations to drying 

include a reduction in leaf size, as well as an increase in leaf thickness, to decrease 

evapotranspiration, and higher energy allocation to roots, to increase water intake 

(Sabater et al., 2017). Phylogenetic position may also influence macrophyte survival (De 

Wilde et al., 2014; Sabater et al., 2017). Dicots tend to have increased survival in 

comparison to monocots when drying occurs due to monocots shifting earlier to aquatic 

life, meaning they developed more adaptations to deal with aquatic habitats at the cost of 

survival in dry conditions (De Wilde et al., 2014). In addition to adaptions to drying, some 

terrestrial plants combat inundation through decreasing in size, whilst others increased 

petiole length and leaf area to improve gas-exchange rates (Mommer et al., 2005; 

Stromberg and Merritt, 2016). 

1.2.4.4 Temporary stream invertebrate communities 

Similarly to plant communities, temporary stream invertebrate communities span the 

spectrum from fully terrestrial to fully aquatic. During the flowing phase, aquatic species 

are found throughout the channel with semi aquatic and terrestrial invertebrates, such as 

carabids and spiders, found at the waterôs edge or on exposed gravel bars (Langhans & 

Tockner, 2014; Steward et al., 2017). As flow decreases, lotic biodiversity declines and 

some taxa may disperse to other wetted reaches through flight, swimming upstream or 

drifting downstream (Chester & Robson, 2011; Bogan et al., 2017). Any remaining aquatic 

biota may take refuge in any remaining pools and the hyporheic zone or, persist through 

life cycle or desiccation-resistant adaptations (Bogan et al., 2017; Hill and Milner, 2018). 

In the hyporheic zone conditions remain saturated (Boulton et al., 1998; Stubbington, 

2012) and can be used by aquatic taxa through vertical migration from the channel 

(Vander Vorste et al., 2016). This loss of active lotic communities in channel occurs 

alongside an increase in lentic and terrestrial taxa (Datry et al., 2014a). Aquatic 

invertebrates may become concentrated in any remaining pool habitat, if available, 

meaning that abundance and richness within these habitats may be high after the initial 

flow cessation (Lake, 2003). However, as the time passes, these pools may become less 

inhabitable for some aquatic species as temperatures increase and oxygen availability 

declines, or due to predation (Williams, 1997; Lake, 2003).  

As the riverbed dries, the adjacent riparian zones can become connected to the bed 

(Datry et al., 2012; Datry et al., 2015), allowing some terrestrial invertebrates such as 

ants, beetles and spiders (Steward et al., 2017; Steward et al., 2022) to colonise from the 

riparian zone, or from other dry reaches (Bogan et al., 2017). The dry riverbeds may have 

accumulated organic matter, nutrients and dead or dying aquatic taxa during the aquatic 

phase (Rosado et al., 2015), which colonising terrestrial taxa, such as ants, can consume 
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and process (Wishart, 2000; Bogan et al., 2017; Steward et al., 2022). If any pools 

remain, predatory and scavenging terrestrial species may occur on their marginal 

sediment (Bonada & Resh, 2013; Rosado et al., 2015). Some taxa may remain following 

initial colonisation, whilst others may alternate between the bed and riparian zone (Bogan 

et al., 2017). Aquatic invertebrates may remain in the dry sediments as part of the 

óseedbankô, comprising all life stages of aquatic invertebrate biota, both active and 

dormant, which will remain viable during the dry phase until the sediments are rewetted 

(Stubbington and Datry, 2013; Bogan et al., 2017). 

The resistance or resilience of aquatic taxa to the dry phase can allow quick 

recolonisation once the flowing phase returns (Bonada & Resh, 2013). Upon rewetting, 

active and dormant life forms emerge from the seedbank into the main channel 

(Stubbington & Datry, 2013). The hyporheic zone is also a key contributor to 

recolonisation by aquatic species when flow returns, and its inhabitation therefore 

represents a key resilience strategy (Vander Vorste et al., 2016). Other terrestrial taxa 

with aquatic larval stages may colonise from downstream or other wetted reaches through 

flight (Bogan et al., 2017; Stubbington et al., 2017). The terrestrial invertebrates remaining 

in the channel may be flushed downstream, alongside any material, which may provide a 

food source for aquatic species (Rosado et al., 2015) or drift downstream on floating 

organic matter to survive (Rosado et al., 2015). Other terrestrial and semi-aquatic 

invertebrates may have adaptations to escape inundation. For example, taxa may escape 

flow resumption by moving into the adjacent riparian zones and any exposed gravel bars 

either through flight, swimming and/or drifting (Adis & Junk, 2002; Kolesnikov et al., 2012; 

Steward et al., 2017). Other species may have developed morphological characteristics, 

such as wing dimorphism, to deal with inundation: fully winged where floods are irregular 

and short to allow quick dispersal, and shorter wings where floods are longer and regular. 

Plastrons are another morphological adaptation, allowing invertebrates to trap oxygen on 

their surface to counter the inability to respire whilst submerged (Adis & Junk, 2002). 

Other adaptations to inundation include univoltine life cycles timed to coincide with dry 

phases, becoming torpid during flooding, waterproof cocoons and inhabiting pieces of 

driftwood and floating debris (Adis & Junk, 2002). 

1.2.4.5 The use of temporary streams by humans and other biota 

In addition to the communities that inhabit the temporary streams, other biota benefit from 

the dry phase. Temporary streams provide food and water for other fauna from 

surrounding areas such as bats, birds, deer and small mammals (Steward et al., 2012, 

Seidman and Zabel, 2001; Stubbington et al., 2020), in addition to acting as a corridor, 

when dry, for many species (Steward et al., 2012; Coetzee, 1969). The provision of food 
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and water are also true for humans, particularly in hotter climates where water can be 

scarce (Jacobsen et al., 1995; Hans et al., 1999; Steward et al., 2012).  

Temporary streams provide numerous ecosystem services and processes, one of which is 

nutrient cycling (von Schiller et al., 2008), with microbial communities processing nutrients 

during the flowing phases, whilst during the dry-phase, nutrients are regulated through the 

uptake by terrestrial plants (Hefting et al., 2005). They can also contribute to carbon 

cycling, storing carbon during the dry phase through the accumulation of leaves and 

plants (organic matter), and as source of carbon during the wet phase where microbial 

and shredder communities process organic matter accumulation (Corti et al., 2011; Datry 

et al., 2018). The dry-phase communities also provide an ecosystem service in the form of 

pollination. Invertebrates which use the dry phase, whether for habitat or food provided by 

the dry-phase in-channel vegetation, may pollinate surrounding riparian areas and 

agricultural crops (Stubbington et al., 2020). Temporary streams also provide many 

cultural ecosystem services, as part of different cultures, featuring in indigenous stories or 

being used for recreation e.g. boating, walking and caving (Steward et al., 2012; 

Stubbington et al., 2020). In the UK, temporary chalk streams are considered a unique 

part of the countryside, eliciting differing emotions and providing a connection to a green 

space. 

1.3 Threats to temporary streams  

Even though naturally occurring, temporary river extent and dry-phase duration are 

expected to artificially increase due to water abstraction and climatic influences (Tramblay 

et al., 2020). Drought, defined as a water-deficit in comparison to the long-term average 

(Tallaksen & Van Lanen, 2004), is expected to increase along with the potential 

intensification of drying, but these are not the only expected changes to flow regime. 

Higher magnitude flooding is predicted due to climate change, with intense, but less 

frequent, rainfall events expected to increase (OôGorman, 2015; Masson-Delmotte et al., 

2021). These changes to flow regime, and the increased hydrological variability, can result 

in the loss of biodiversity, with aquatic taxa adapted to desiccation and terrestrial species 

adapted to flow resumption in natural temporary streams, struggling to persist in longer 

drying conditions or more frequent and shorted resumptions of flow, respectively (Chiu et 

al., 2017). Flow modifications and habitat degradation are two of the five main impacts on 

freshwater biodiversity (Dudgeon et al., 2006). 

 River ecosystems, including those in the UK, are also impacted by stressors resultant of 

human pressures such as land-use change and the alteration of channel morphologies 

(Addy et al., 2016; England & Wilkes, 2017), which often intensify the impact of, or reduce 
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the ability of communities to recover from, flow regime alterations. The increase in 

urbanisation and agricultural practices has led to multiple interacting stressors impacting 

on the in-channel (and riparian) temporary stream habitat conditions and biological 

communities (Figure 1.2). Fine sediment introduced by agricultural practices, can lead to 

gill abrasion or clogging, sediment accumulation within macroinvertebrate organs, or the 

burial of organisms (Armitage et al., 1999; Wood et al., 2005; Jones et al., 2012). It also 

reduces the sediment heterogeneity and infills interstitial gaps, reducing the range of 

habitats and accessible refuge available to invertebrate communities.  

Eutrophication, the artificial nutrient enrichment of a waterbody, is another major threat to 

stream biodiversity (Figure 1.2; Schindler, 2006; Conley et al., 2009; Hautier et al., 2009). 

This enrichment is often due to pollution from urban sources (e.g. septic tanks, 

wastewater) or agricultural practices (Schindler, 2006; Conley et al., 2009), and can lead 

to changes in vegetation community composition (Hautier et al., 2009; Kneitel & Lessin, 

2010) and an increase in dominance of competitive or invasive species (Grime, 1979; 

Chase & Knight, 2006; Cleland & Harpole, 2010). These changes in vegetation can limit 

both plant biodiversity and that of aquatic and terrestrial invertebrates through reducing 

the number of habitats, food sources and range of differing morphological structures 

within the channel during flowing phases (Siemann et al., 1998; Clarke, 2002; Crist et al., 

2006). 

Alterations to channel morphology can impact the flowing, ponded and dry phase 

communities, potentially exacerbating other impacts associated with land use change 

such as excess fine sediment. Changes to channel morphology can involve modifications 

such as man-made banks and riverbeds, the straightening and widening of the river, and 

the removal of in-channel and riparian vegetation. Variations in flow, sediment, vegetation 

and channel features (i.e. berms, in-channel islands) create a mosaic of habitats of 

differing microhabitats which are often lost due to channel modifications, reducing habitat 

heterogeneity and impacting biodiversity (Stanley et al., 1997; Rosenfeld, 2017; Beerman 

et al., 2018).  
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Figure 1.2. A conceptual model displaying the human pressures and corresponding stressors that impact temporary stream communities, and the potential 

dry-phase biomonitors for each stressor. 
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1.4 Biomonitoring and restoration 

A biomonitor is a biological tool to measure or collect information about an ecosystem, 

typically on the physical and chemical properties (Andersen, 1999). Biotic groups (typically 

a community, e.g. macroinvertebrates) are biomonitors, and can be represented by 

taxonomic or functional metrics. Biomonitors range from individual species (indicator 

species) to entire communities, the composition of which responds to specific 

environmental conditions. Biomonitors have been routinely used in freshwater and 

terrestrial ecosystems to assess the impact of human activities (Cairns & Pratt, 1993; 

Mainstone, 1999; Hodkinson & Jackson, 2005 Birk et al., 2012), such as those mentioned 

in Section 1.4. Often, reference conditions are defined for specific river types (e.g. chalk 

streams) to characterise the communities indicative of undisturbed or least impacted 

conditions, against which communities from assessed sites can be compared. Useful 

biomonitors need to be abundant, sensitive to stressors, and easily sampled and identified 

(Andersen, 1999; Holmes, 1999; Steward et al., 2018). Bonada et al. (2006) provides 

twelve criteria for the ñidealò biomonitor (Table 1.1).  

Table 1.1. The twelve criteria defined by Bonada et al. (2006) for the ñidealò biomonitor. 

Rationale 

(I) Derived from sound theoretical concepts in ecology 

(II) A priori predictive 

(III) Potential to assess ecological functions 

(IV) Potential to discriminate overall human impact (i.e., to identify anthropogenic 

disturbance) 

(V) Potential to discriminate different types of human impact (i.e., to identify 

specific types of anthropogenic disturbance) 

Implementation 

(VI) Low costs for sampling and sorting (field approaches) or for standardised 

experimentation (laboratory approaches) 

(VII) Simple sampling protocol 

(VIII) Low cost for taxa identifications (no specialists in taxonomy required) 

Performance 

(IX) Large-scale applicability (across ecoregions or biogeographic provinces) 

(X) Reliable indication of changes in overall human impact 

(XI) Reliable indication of changes in different types of human impact 

(XII) Human impact indication on linear scale 
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The EU Water Framework Directive 2000/60/EC (WFD), which remain in force in the UK, 

requires that all watercourses are of good ecological status (ES; i.e. only slightly different 

from undisturbed conditions/limited anthropogenic impact; European Commission, 2000) 

and in order to assess ecological status, effective biomonitors are needed. Despite this, 

the biomonitoring of temporary streams remains lacking in comparison to perennial 

counterparts, even within the WFD which has only one category (R-M5) for temporary 

streams, and it is only for the Mediterranean region (European Commission, 2000). 

Additionally, due to the cycling of flowing and dry ES can be wrongly assessed through 

perennial biomonitors (Reyjol et al., 2014; Crabot et al., 2021), there is a need for dry-

phase biomonitors which respond to environmental variability despite drying in order for 

managers to assess ES regardless of instream conditions. 

1.4.1 Plants and invertebrates as biomonitors 

Plants and invertebrates (both aquatic and terrestrial) have many benefits as biomonitors 

and have been used in other freshwaters and ecosystems (Birk et al., 2012). Both 

taxonomic groups are abundant and easily sampled/surveyed by cost-effective means, 

with plants having the additional benefit of being sessile. The ecological preferences of 

both groups are well studied, and they are responsive to changes in environmental 

conditions. Invertebrates have the advantage of average growth levels and turnover times 

in comparison to mammals or mosses, as well as being effective dispersers, allowing for 

recolonisation after a disturbance or impact (Perner & Malt, 2003; Hodkinson and 

Jackson, 2005). These qualities could make invertebrates more responsive to short-term 

impacts and could be used to determine restoration success. Terrestrial invertebrate 

communities are known to respond to habitat complexity (Siemann et al., 1998; Crist et 

al., 2005), such as sediment and vegetation complexity, indicative of fine sediment inputs 

and nutrient enrichment. Whilst plants have longer turnover times in comparison and are 

slower dispersers, meaning they are more useful for detecting longer term impacts 

(Hodkinson & Jackson, 2005) and are known to respond to nutrient enrichment (Birk et al., 

2012; Stromberg & Merritt, 2016). These differences highlight that multiple biotic indices 

may be needed to fully assess ecological status during the dry phase (Marshal & Negus 

(2019). 

Benthic macroinvertebrates have been used frequently in freshwater monitoring of 

perennial streams. These biomonitors can be represented by metrics to assess human 

impacts, which are most frequently used for fine sediments (e.g. EPSI; Turley et al., 2014) 

and organic pollution (e.g. Whalley Hawkes Paisley Trigg Index; Paisley et al., 2014; 

Figure 1.2). However, the current macroinvertebrate biomonitoring methods for temporary 

streams are likely unsuitable in many circumstances due to their concurrent responses to 
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natural drying and human impact (Figure 1.2; Soria et al., 2019; Stubbington et al., 2021). 

Terrestrial invertebrates are also used often for monitoring conditions in exposed riverine 

sediments, a habitat similar to temporary streams in that they are frequently inundated 

(Eyre and Luff, 2002), and their potential as dry-phase indicators highlighted in other 

climates (Steward et al., 2018; Corti & Datry, 2015; Sánchez-Montoya et al., 2020), and in 

UK chalk streams (Bunting et al., 2021).  

Aquatic plants are currently used to monitor the impacts of nutrient enrichment (e.g. 

LEAFPACS2; WFD-UK TAG, 2014; Figure 1.2), and have been demonstrated to be useful 

as indicators of flow regime, with the research of Stubbington et al. (2019) and Westwood 

et al. (2021), indicating further research needs to be conducted to assess their potential 

as dry-phase bioindicators.  

1.4.2 Restoration and its links to biomonitoring 

Given the threats to temporary streams and the general degradation of freshwaters 

globally (Karr & Chu, 1999; Gleick, 2003), river restoration projects are done to reduce, 

prevent or reverse human impacts to improve ecosystem biodiversity, services and 

functions. (Palmer et al., 2005; Wohl et al., 2015; Kaiser et al., 2020). Restoration can, for 

example, involve improvements to habitats, dam removals and the reinstatement of a 

natural flow regime. In general, restoration schemes in countries including the UK, are 

often only carried out reactively rather than proactively, and can be limited by time and 

funding availability (Kondolf, 1998; England et al., 2008). These limitations can lead to 

restoration projects that are small-scale sometimes lacking appropriate methods to 

improve habitat conditions for target communities and/or species (England et al., 2008). 

However, there is some progress towards a more multi-faceted, scientifically led approach 

to restoration (Palmer et al., 2005; Johnson et al., 2019; Kaiser et al., 2020). The River 

Restoration Centre, in particular, is helping to support the development of evidence-

informed restoration in the UK, by providing guidance at national level and conducting 

projects in collaboration with partners such as water companies, non-profit organisations 

and the Environment Agency (River Restoration Centre, 2014). 

Despite these efforts, similarly to biomonitoring, temporary stream restoration is led by 

methods based on our knowledge of perennial streams and, their communities and 

preferences (Leigh et al., 2016; Stubbington et al., 2017), which may differ from temporary 

streams. This lack of knowledge, time and funding may lead to potentially ineffective 

temporary stream restoration. A solution to this is to improve the understanding of the 

systems and produce efficient biomonitors. These biomonitors are a key facet of any 

restoration plan (Skinner & Bruce-Burgess, 2005; England et al., 2008), allowing for the 



 

18 
 

assessment of ecological status after restoration has been carried out, and informing 

resource allocations (Dobbie & Negus, 2013).  

1.5 Thesis rationale, aims and structure 

1.5.1 Thesis rationale 

Temporary streams are under threat, in the UK and globally, impacted by historical and 

current anthropogenic pressures and stressors, which are modifying their habitats and 

detrimentally affecting the communities they support. Without considering both aquatic 

and terrestrial taxa occurring in lotic, lentic and terrestrial phases, temporary stream 

biodiversity may not be accurately estimated, and therefore not fully understood (Corti and 

Datry, 2016; Stubbington et al., 2017; Hill & Milner, 2018). Our knowledge of the dry 

phase communities and their responses to environmental variables, including those 

indicative of human impact, is particularly lacking. This leads to an inability to monitor the 

health of these ecosystems accurately and efficiently, which in turn impacts on our ability 

to assess restoration success, limiting the capacity of managers to improve methods. 

Improvements to our knowledge on dry-phase communities and their responses to 

environmental variables are needed to inform the development of effective biomonitoring 

tools to assess the ecological status of temporary streams regardless of the in-channel 

state in order to meet legislative requirements, monitor restoration success and protect 

temporary streams. 

1.5.2 Aims 

There are significant knowledge gaps in temporary stream research, predominantly 

relating to dry-phase community composition and their responses to environmental 

variables. Additionally, the differences in aquatic macroinvertebrate responses to 

environmental variables in temporary and perennial streams requires further study. 

Research into aquatic macroinvertebrate communities across a variety of flow regimes, 

and dry phase-biota, including their responses to environment conditions (including 

human impacts) is needed to improve our understanding of temporary stream systems as 

a whole to inform the biomonitoring and restoration of temporary streams. Therefore, this 

research has three key aims: 

1. To identify the responses of macroinvertebrate communities to flow, sediment and 

vegetation, and how temporary stream responses differ to perennial communities, 

to inform restoration (Chapter 3).  

2. To characterise the dry-phase plant communities and explore their responses to 

environmental conditions to identify potential biomonitoring metrics (Chapter 4). 
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3. To characterise the dry-phase invertebrate communities and explore their 

responses to environmental conditions to identify potential biomonitoring metrics 

(Chapter 5). 

1.5.3 Thesis structure 

This thesis is structured to address each of the aims in a different results chapter, with a 

final chapter to summarise and conclude: 

Chapter 3: Macroinvertebrate community responses to environmental conditions in 

perennial and intermittent streams 

This chapter analyses an Environment Agency, a government body in the UK, 

macroinvertebrate dataset, and incorporates both biological metrics and community 

compositional responses to environmental conditions across a range of flow regimes, with 

particular focus on comparisons between perennial and intermittent streams. The results 

from this chapter highlight potential differences between perennial and temporary 

communities to help inform priorities for temporary stream restoration. 

Chapter 4: Dry-phase plant communities and their potential as biomonitors 

This chapter involves novel data collection, using a modified biomonitoring method 

currently used for aquatic plants, to characterise dry phase plant communities (including 

terrestrial and persisting aquatic species) and examine how plant metrics summarising 

community composition respond to a range of environmental conditions indicative of 

human impact. This chapter will improve our understanding of the dry phase biodiversity, 

characterising a previously unknown community, and evaluate potential biomonitors of 

specific environmental drivers indicative of human impact. 

Chapter 5: Dry-phase invertebrate communities and their potential as biomonitors 

This chapter uses a well-known method, pitfall trapping, to sample and characterise dry-

phase invertebrates, and their responses to environmental drivers including vegetation 

and sediment conditions. This chapter will improve our knowledge of dry-phase 

invertebrates and identify potential biomonitors of environmental variables indicative of 

human impact.  

Chapter 6: General discussion 

This chapter summarises and discusses the previous chapterôs findings, the 

advancements made to temporary stream research, and the implications for temporary 

stream biomonitoring and restoration. It also highlights the priorities for future research to 

further advance these topics. 
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Chapter Two: Study sites and general methods 

  

2.1 Chalk streams 

Chalk is a porous calcareous rock with fracturing, allowing surface water to infiltrate into 

the ground into an aquifer, an important source for groundwater flow within the UK 

(Westlake et al., 1972; Allan et al., 1997). As a result, chalk streams are groundwater 

dominated with predictable flow regimes, and often have naturally intermittent sections, 

typically in their upper reaches (Holmes, 1999; Allan et al., 1997). These naturally 

intermittent sections have largely seasonal hydrological regimes, with flow reducing 

towards the end of spring and peaking during late winter, with the possibility for channel 

bed drying within the summer months. Due to this seasonal regime, these streams are 

often termed ówinterbournesô. However, not all chalk streams have seasonally intermittent 

flows; some have perennial and near perennial reaches or have multi-year low and high 

flows.  

Usually chalk streams have low energy flows, which influences sediment composition and 

geomorphological processes (Mainstone, 1999; Harvey et al., 2008). Chalk streams often 

have a shallow cross section with gentle slopes and are sinuous, unless modified. 

Common in-channel features include riffles and pools, and sometimes exposed bedrock 

and gravel shoals (Mainstone, 1999). When unimpacted by humans, these streams often 

have unpolluted, crystal-clear waters, which support a diverse community of flora and 

fauna, including species such as water-crowfoot (Ranunculus spp.), otter (Lutra lutra), 

kingfisher (Alcedo atthis) and brown trout (Salmo trutta; Rangeley-Wilson, 2021). Many of 

these taxa, along with species such as grayling and lamprey are protected under UK 

legislation (e.g. Biodiversity Action Plan Priority Species and Wildlife and Countryside Act 

1981).  

Despite this, many have been historically, heavily modified in their physical morphology 

and flow through a variety of human impacts, so much so that there are no British 

examples of a chalk stream with natural morphology (Mainstone, 1999). The main impacts 

include water abstraction, water-cress farms and mill works, in addition to changes in land 

use (i.e. increasing urbanisation and agricultural intensification) that have affected many 

ecosystems in the UK (Westlake et al., 1972; Mainstone, 1999; Rangeley-Wilson, 2021). 

Water abstraction can further reduce the natural seasonal or multi-year flows, 

exacerbating in low flows and extending dry phases, whilst water-cress farms and other 

agriculture may input silt, organic matter and nutrients into the system (Westlake et al., 

1972; Rangeley-Wilson, 2021).  
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UK chalk streams account for a significant proportion of chalk streams found globally and 

are mostly found in the south and east of England (Chilterns AONB, 2020; WWF-UK, 

2022). In addition to supporting protected species, chalk streams are also a priority habitat 

under the UK Biodiversity Action Plan and their protection is a focus of regulatory bodies 

such as the Environment Agency, thus the protection of these ecosystems and their 

communities from human impact is crucial. Additionally, chalk streams provide a variety of 

ecosystem services such as a fresh water supply for drinking water and agriculture, 

fishing, and provides a space for people to interact and feel close to nature. Therefore, 

chalk streams in southern England were selected as the study streams for this research, 

to improve the knowledge of these naturally drying ecosystems and their communities and 

identify biomonitors that can monitor the human impacts to inform management actions.  

2.1.1 Study catchments 

This thesis studied two groundwater catchments: the Upper Lee and the Colne, located 

within the Thames River Basin District in southern England (Figure 2.1). Areas of the 

Colne and the Lee catchments form part of in the Chilterns Area of Outstanding Natural 

Beauty (AONB), a 839 km2 stretch of countryside from south Oxfordshire to Hertfordshire 

(Chilterns AONB, 2020). The AONB and the two catchments have predominantly 

underlying chalk geology with some glacial deposits and boulder clay cover (National 

River Flow Archive, 2022a-f), and comprise numerous habitats such as chalk grasslands, 

woodland and chalk streams. Land cover in the area is predominantly arable with some 

grassland and woodland cover, and mostly rural communities outside of the major cities 

and towns such as Hemel Hempstead, Welwyn Garden City and St. Albans (National 

River Flow Archive, 2022a-f). 

The rivers Beane and Mimram form the Upper Lee catchment, and the Ver, Gade, 

Bulbourne, Chess and Misbourne for the Colne catchment are used to address the aims 

of this thesis (Figure 2.1). The rivers studied within the catchment range from poor to 

moderate ecological status, largely due to poor or moderate macrophyte and 

phytobenthos conditions (Environment Agency, 2021a and b). This assessment has only 

represented aquatic taxa for reasons outlined in Chapter 1. Reasons for the poor to 

moderate ecological status are mostly due to physical modifications and pollution from 

sources including agriculture and urban/transport (Environment Agency, 2021a and b). All 

of the study rivers are chalk streams and all sites are temporary streams. Although water 

abstraction affects flow regimes within these catchments, the streams are naturally 

intermittent, with flows occurring when the water table is above the channel bed (Chapter 

1.2.1).  
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Figure 2.1. The location and a map of the study catchments (Colne and Upper Lee) in the UK. The 

map of the catchments highlights the Colne (purple shading) and the Upper Lee (blue shading) with 

main rivers and tributaries represented as dark blue lines.  

2.2 Dry-phase data collection methods 

Two biological groups were selected as potential biomonitors for environmental variables 

indicative of human impact: plants and ground-dwelling invertebrates. As described in the 

introduction (section 1.4.1), both plant and invertebrates have qualities necessary for an 

óidealô biomonitor such as being easily sampled, responsive to change and their ecological 

preferences are well-known, making them suitable biomonitors for the dry phase. 

Additionally, their use in perennial streams and marginal habitats, further supports their 

use as potential dry-phase biomonitors (Birk et al., 2012). Plants are typically more 

responsive to changes in nutrients and shading (Stromberg & Merritt, 2016), whilst 

invertebrates are known to respond to changes in habitat structure, such as sediment 

composition (Crist et al., 2005). Therefore, to effectively monitor dry-phase habitats both 

taxonomic groups are needed to cover a range of environmental variables.  

2.2.1 Dry-phase plant survey methods 

Dry-phase plant community data were collected using a modified version of LEAFPACS2 

(WFD-UK TAG, 2014; formerly Mean Trophic Rank; Holmes et al., 1999; similar to that in 

Stubbington et al., 2019), which was expanded beyond aquatic macrophytes to include 

terrestrial taxa. The presence and estimated percentage cover of each taxon of aquatic, 

semi-aquatic and terrestrial plants were recorded at each site. Visual percentage cover 

estimates have been widely used in plant ecology to effectively characterise communities 
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and to monitor community responses to environmental variability (Greig-Smith, 1983; 

Kennedy & Addison, 1987; Bonham and Clark, 2005). Total cover of all taxa combined 

may exceed 100% due to the different layers that may occur due to plant height 

differences (Greig-Smith, 1983). 

At each site, a 100 m section was measured by selecting two bankside points, to define 

the survey reach (Holmes et al., 1999; WFD-UK TAG, 2014). In-channel communities 

were surveyed at each site, with the area at the bottom of the stream between the two 

bank margins defined as in channel. Bank and riparian vegetation were also surveyed but 

are not considered further, based on preliminary analyses. Surveys were conducted in 

channel by crossing from bank to bank in a zigzag formation, as per WFD-UK TAG 

(2014). This was repeated over the 100 m survey section at least twice, or until 

percentage cover estimates were deemed accurate. Once vegetation had reached peak 

growth in the summer months, crossing the channel became more difficult at two sites on 

the River Ver, which may have reduced the efficiency and accuracy of percentage cover 

estimates.  

Taxa were recorded to species in most cases. In some circumstances, such as when 

riparian areas had been mown or in earlier surveys when plants which are difficult to 

identify without flowers or fruits had not fully grown, taxa were recorded to as low a 

taxonomic resolution as possible (e.g. Poaceae spp., Ranunculus spp.). Where taxa (e.g. 

Galium spp.) could not be identified to species, a sample was taken and further identified 

in the laboratory. I conducted all plant surveys, facilitating consistent taxa identification 

and percentage cover estimations, and avoiding variation in estimations between 

surveyors (Greig-Smith, 1983; Kennedy & Addison, 1987). 

2.2.2 Dry-phase invertebrate sampling methods 

Pitfall traps are a method extensively used to examine terrestrial invertebrate community 

composition, particularly for ground-dwelling invertebrates such as Araneae, Carabidae 

and Formicidae, which are the focus of this project (Spence & Niemelä, 1994; Wishart, 

2000; Work et al., 2002; Corti et al., 2013; Skvarla et al., 2014). A pitfall trap consists of 

two plastic cups with a diameter of 10 cm, placed into a hole in the sediments to a depth 

at which the rim of the cup is flush with the soil/sediment. The traps are filled with a 

preservative (typically an ethylene-glycol solution) then left for a period of time before the 

trap is collected, by removing one of the cups to empty the sample for preservation and 

leaving the other in the ground to reset. 

Pitfall traps should be spaced apart (> 1 m) to avoid depleting populations and increase 

the richness of taxa caught (Ward et al., 2001; Skvarla et al., 2014; Webb et al., 2017). 
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Recommended pitfall trap numbers per site range usually between 4-11, with 8-11 being 

the ideal to capture 70-80% of taxa present (Corti et al., 2013). The method is passive, as 

traps are left for invertebrates to fall into rather than actively searching for invertebrates 

(Wishart, 2000), meaning sampling can occur for longer periods (days to weeks), rather 

than for minutes to hours as with hand searching and quadrat sampling. Pitfall traps allow 

the collection of invertebrates during both day and night, which is useful as some 

families/groups such as Carabidae are most active at night (Wishart, 2000; Gobbi et al., 

2018) and can be missed by other methods such as hand searching and quadrating which 

require daylight. Sampling throughout a diel cycle is particularly useful when sampling dry 

riverbeds which are subject to higher temperatures and low moisture availability during the 

day, meaning some invertebrates become more active at night (Broza, 1979). Pitfall traps 

are simple in design, require no expensive or specialist equipment, and are not impacted 

by operator skill, meaning that any help I received during fieldwork and my own increasing 

experience did not influence the taxa caught (Work et al., 2002; Skvarla et al., 2014).  

The limitations of pitfall sampling include their characterisation of activity densities (mean 

number of taxa captured per trap) rather than absolute abundances, meaning they are 

influenced by vegetation, weather and species/organism behaviour (Corti et al., 2013; 

Engel et al., 2017). A higher vegetation density can mean that certain organisms or 

species have reduced movement and less likely to encounter the trap, and inclement 

weather can also reduce activity levels (Corti et al., 2013; Engel et al., 2017). Differences 

in species morphology, relating to mainly body size, can mean that more larger taxa are 

captured because smaller taxa can escape more readily due to the material of the trap 

supporting their small mass (Luff, 1975; Wishart, 2000; Skvarla et al., 2014). Behavioural 

differences also introduce a bias towards the capture of more mobile/active species such 

as Carabidae and Lycosidae (Skvarla et al., 2014), which are more likely to encounter the 

traps although sedentary taxa are still captured. 

2.3 Characterising environmental variables  

The Modular River Survey is a method that enables citizen scientists to record and 

monitor the physical habitat of rivers and streams (Gurnell et al., 2016). It includes the 

Modular River Physical survey (MoRPh), which was used to assess the study sites. The 

MoRPh survey relates the influence of geomorphology (the channel shape and physical 

characteristics i.e. sediment characteristics) to the hydrology of the stream, focusing on 

the physical structures relevant to the ecology (England et al., 2017; Beach et al., 2018). 

MoRPh also incorporates both natural features (e.g. sediment composition, vegetation, 

channel shape and pattern of flow types) and human pressures such as bank 

modifications and artificial land use (England et al., 2017; Shuker et al., 2017). 
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For each survey, the dimensions of the river are noted: the water width, water depth, bank 

height, bank-full width and MoRPh width (i.e. channel width including any marginal areas; 

England et al., 2017). The length of the survey is determined by the MoRPh width and is 

approximately double (e.g. 5 m MoRPh width means a 10 m survey length is needed). 

MoRPh is currently not suitable for any river wider than 30 m. All of the rivers and streams 

surveyed for this project were either < 5 m or between 5 m and < 10 m, falling into the 10 

m and 20 m survey length categories, respectively.  

The survey includes three lateral sections: the channel bed, bank face and channel 

margins, and bank top. The latter section extends 10 m from the bank top, recognising the 

influence of bank top land use and vegetation on the hydrology (England et al., 2017; 

Beach et al., 2018). Within each section, features are recorded based on categories 

relating to a percentage abundance/area: A (absent), T (trace, <5%), P (present, 5-<33%) 

and E (extensive, >33%). Vegetation morphotypes are recorded, with distinctions for 

terrestrial vegetation made mostly according to vegetation height, and for aquatic 

vegetation according to leaf shape and whether they are emergent or submerged (Table 

2.1). For the bank top, land use, natural vegetation cover, non-native vegetation and water 

features (ponds, wetlands and tributaries) are recorded. Bank profile, materials, features 

(e.g. a berm or cliff) and vegetation (including marginal aquatic vegetation) are recorded 

for the bank face and channel margins. For the channel bed, information is gathered on 

channel bed materials, flow types, channel features (e.g. exposed boulders, pools and 

riffles) and aquatic vegetation (Table 2.1). I adapted this standard method to also record 

terrestrial morphotypes in-channel.  

Table 2.1. The variables collected during MoRPh surveys and a description of each category as 

defined in the MoRPh manual (Gurnell et al., 2016). 

MoRPh variables Category descriptions 

Flow types Free fall = near-vertical falling water with no contact to the 

channel bed 

Chute flow = steep water surface, mostly with contact to the 

channel bed 

Broken waves = waves that have a foaming/breaking crest 

Unbroken waves = waves which do not have a foaming/breaking 

crest 

Ripples = small waves which move gradually 

Smooth = water that is clearly moving downstream but has no 

features 
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No perceptible flow = water is not moving 

Dry channel = no water in the channel 

Sediment types Artificial = if artificial materials obscure the natural sediments 

Bedrock = exposed bedrock 

Boulder = mineral, > 256 mm diameter 

Cobble = mineral, >64-256 mm diameter 

Gravel-pebble = mineral, >2-64 mm diameter 

Sand = mineral, > 0.0625-2 mm diameter 

Silt = mineral, 0.00195-0.0625 mm diameter 

Clay = mineral, < 0.00195 mm diameter 

Organic = intact dead plant matter (e.g. leaves, twigs) 

Earth = a mixture of mineral and organic matter 

Not visible = if natural sediments are obscured from view 

Terrestrial 

vegetation 

Unvegetated 

Mosses/lichens 

Short/creeping herbs and grasses 

Tall herbs/grasses 

Scrub or shrubs 

Saplings or trees 

Aquatic 

vegetation 

Lichens, mosses and liverworts 

Emergent broad-leaved = above the water surface, leaf length < 

4 × leaf width 

Emergent linear-leaved = above the water surface, leaf length > 

4 × leaf width 

Floating leaved = rooted to the bed but with leaves on the 

surface 

Free floating = leaves on or below the surface and not rooted 

Submerged broad-leaved = below the water surface, leaf length 

< 4 × leaf width 

Submerged linear-leaved = below the water surface, leaf length 

> 4 × leaf width 

Submerged fine-leaved = below the water surface, string like 

leaves 

Filamentous algae = fine filaments covering the channel bed or 

other plants below the surface 
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Bank profile Vertical 

Vertical with top overhang = banks with a vertical face and only a 

shallow vegetated section protruding over the edge 

Undercut or vertical with undercut = banks with/without a vertical 

face that have eroded away at the base, leaving an overhanging 

section 

Vertical with toe = banks with a vertical face that then shallow 

into the water 

Steep = banks > 45 degrees 

Gentle = banks < 45 degrees 

Composite = composition of differing slope angles 

Reshaped = banks have been obviously made steeper, wider, 

narrower, etc. 

Artificial two-stage = the banks moved further into the riparian 

zone 

Embanked = an embankment at the bank edge 

Set-back embankment = an embankment has been created 

away from the channel 

Poached bank = evidence of trampling 

 

Survey data can be entered into the Modular River Survey database (Gurnell et al., 2016) 

alongside at least 1-4 photos taken at the site facing upstream, downstream and across 

the river. From this, 14 indices are calculated automatically by the MoRPh system to 

reflect the physical habitat and vegetation (Table 2.2). 

Table 2.2. Indices calculated in the MoRPh system and the range for the index. T = Trace, P = 

Present and E = Extensive abundance/area category. 

 Index Index range 

Channel 

characteristics 

1: Number of 

present/extensive flow 

types 

1-10 (count) 

2: Highest energy 

present/extensive flow 

type 

Flow > Chute > Broken standing 

wave > Unbroken standing wave > 

Rippled > Smooth > No perceptible 

flow > Dry 
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3: Number of 

present/extensive bed 

material types 

1-10 (count) 

4: Coarsest 

present/extensive 

mineral bed material type 

Bedrock > Boulder > Cobble > 

Gravel-pebble > Sand > Silt > Clay 

 

5: Average bed material 

size (phi units)  

The score is based on abundance 

categories: T=2, P=19, E=67, 

multiplied by material value from 

boulder = - 9 to clay = 10. Higher 

values reflect smaller sizes. 

6: Average bed material 

size class  

Bedrock, boulder, cobble, gravel-

pebble, sand, silt and clay 

7: Extent of superficial 

bed siltation  

Patchy thin silt layer: T=1, P=9.5, 

E=33.5 

Continuous silt layer: T=2, P=19, 

E=67 

8: Channel physical 

habitat complexity  

1 (minimal complexity) ï 10 

(extremely high complexity) base on 

the weighted average of four sub-

indices 

9: Number of aquatic 

vegetation morphotypes  

0 (no aquatic vegetation) ï 10 (all 

aquatic vegetation morphotypes 

present) 

Riparian 

characteristics 

10: Riparian physical 

habitat complexity  

0 (extremely low complexity) ï 10 

(extremely high complexity) 

11: Riparian vegetation 

structural complexity  

Number of riparian vegetation 

morphotypes with P or E abundance 

Human 

pressures 

12: Degree of human 

pressure imposed by 

bank top land cover  

0 (minimal modification) ï 10 (high 

modification) 

13: Channel 

reinforcement  

0 (no reinforcement) ï 10 (fully 

reinforced) 

14: Non-native invasive 

plant extent 

0 (no non-natives) ï 10 (extensive 

and diverse invasion) 
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2.4 Data analysis 

In all research elements (Chapters 3-5), both a univariate (biological metrics) and 

multivariate (community composition) analytical approach were used to fully represent 

community responses to environmental variables. All statistical data analysis was 

conducted in R (the version dependent on chapter) and all data preparation was 

conducted in Microsoft Excel.  

2.4.1 Biological metrics  

In Chapters 3-5, biological metrics were calculated to summarise communities for use in 

analyses, all of which can be responses to environmental variability. Richness, a count of 

the different taxa, was calculated either to represent overall richness (taxonomic) or of 

certain taxonomic groups (e.g. grasses and Ephemeroptera, Plecoptera and Trichoptera; 

EPT). The Shannon-H diversity index uses taxa richness and evenness (i.e. the relative 

abundance of each taxon) to give an overall diversity value which typically ranges 

between 1.5 and 3.5. Berger-Parker dominance indicates the proportional abundance of 

the most abundant taxon, which can be useful for measuring impacts such as nutrient 

enrichment. 

Functional diversity metrics were also analysed in Chapter 3: functional richness, diversity 

and redundancy. Taxa have specific functional traits relating to their biological (e.g. 

morphology, feeding strategies, etc.) and ecological (habitat tolerances, distribution, etc.) 

characteristics, and can respond to environmental variables (Statzner et al., 2001). Trait-

based analyses can have advantages over taxonomic analyses such as providing a 

generic result regardless of region, unlike the taxonomic differences seen geographically, 

(Menezes et al., 2010) and simplify species responses (Zakharova et al., 2019), thus they 

were incorporated into Chapter 3. Functional richness measures the functional niche 

space occupied by the taxa in a community and functional diversity describes the range of 

traits and their distribution within a community (Schleuter et al., 2010). Functional 

redundancy is the difference between functional diversity and taxonomic diversity, and the 

taxa which contribute comparably to ecosystem functioning. 

In addition to diversity metrics, biomonitoring indices were calculated to represent aquatic 

macroinvertebrate and plant communities in Chapters 3 and 4. In Chapter 3, the Whalley 

Hawkes Paisley Trigg (WHPT; Paisley et al., 2014), Drought Effect of Habitat Loss on 

Invertebrates (DEHLI; Chadd et al., 2017) and Empirical-weighted Proportion of 

Sediment-sensitive Invertebrates (EPSI; Turley et al., 2016) indices were used to 

characterise macroinvertebrate communities. These biomonitoring indices were 

developed from expert judgement, with individual taxa scores assigned based upon their 
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sensitivity or tolerance to stressors. WHPT ASPT was developed from the well-known 

BMWP index (Armitage et al., 1983), and measures the sensitivity of taxa to organic 

pollution, however, WHPT ASPT has also been used as a measure of overall habitat 

degradation and was therefore selected as a potential index to represent communities. 

The DEHLI index quantifies macroinvertebrate community responses to changes in flow 

and the habitat availability that occur during drought (Chadd et al., 2017; Sarremejane et 

al., 2019). DEHLI was selected over the well-know LIFE index because macroinvertebrate 

responses to hydrological variability are already well studied. EPSI is an index that 

measures the sensitivity of taxa to fine sediments and was used to characterise 

community responses sediment quality (Turley et al., 2016). In Chapter 4, the Ellenberg 

index, specifically Ellenberg nitrogen, was used to represent plant communities (Hill et al., 

1999). The Ellenberg index calculates the overall mean tolerance score of a community to 

sediment nitrogen concentrations, and other stressors, based upon individual taxa 

tolerances. Ellenberg N can also be considered a measure of general sediment fertility, 

indicative of nutrient concentrations including phosphorus and nitrogen. 

2.4.2 Ecological modelling 

Ecological modelling is the use of mathematical models to understand complex 

relationships and interactions between different biological (i.e. species richness, 

abundance and diversity), chemical (i.e. soil and water chemistry) and physical (i.e. 

channel morphology, sediment composition) variables in an ecosystem. Models can also 

make predictions and simulations based upon these relationships on how these 

ecosystems may change.  

In Chapters 3-5, linear regression modelling (general and generalised) was used to 

analyse the biological metrics described above (further details of which metrics were used 

can be found in sections 3.2, 4.2 and 5.2). These models identify associations between 

the dependent variable (response variable) and one or more independent variables 

(explanatory variables), and model predictions based upon these association. Ecological 

data can often be grouped by a random variable (random factor) which is not of interest in 

the study but can influence the independence of data points (Bolker et al., 2009; Bates et 

al., 2015). A mixed model approach accounts for this random variation through 

incorporating both random factors and fixed factors (explanatory variables of interest) in 

the model. Data collected throughout this thesis had potential to be influenced by random 

factors, such as site or date, and so a mixed modelling approach was used to improve 

modelling accuracy. Where multiple models were conducted, the Akaikeôs Information 

Criterion (AIC; Akaike, 1973) values were used in selecting the model that is the most 
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adequate model or best fitting. Models with the lowest AIC value (ȹAIC) or values ȹAIC Ò 

2 were considered the best fitting model or models. 

2.4.3 Model assumptions 

Linear models make assumptions regarding normality, homogeneity, independence of 

variables, overdispersion and zero-inflation. Assumptions were tested on both the raw 

data and the model residuals (the differences between the observed and predicted values 

of the data). Ecological data often does not conform to the model assumptions of 

normality and homogeneity, are often not wholly independent with collinearity between 

variables, and can often be over-dispersed or zero-inflated (Bolker et al., 2009; Zuur & 

Ieno, 2016).  

A normal or Gaussian distribution is a probability distribution in which response variable 

data points fall symmetrically around the mean, where data points occur more frequently 

around the mean, forming a bell-curve. Ecological data can also fit distributions which are 

non-normal such as Poisson (count data) and beta (proportional data) distributions. The 

homogeneity of variance (homoscedasticity) means any random variance in the data is 

equal across all data points. Variables (both dependent and explanatory) should also be 

independent from one another and not connected in any way not accounted for in a 

model. Multi-collinearity occurs where two or more explanatory variables are correlated in 

a linear manner. This influences the accuracy of the model, potentially causing the 

parameters to be incorrectly deemed insignificant (Zuur et al., 2010). Finally, 

overdispersion occurs when the observed variance in model residuals is higher than that 

predicted by a theoretical model, and zero-inflation is a high number of zeros in the data.  

Assumptions of normality of the response variables were checked initially using both 

graphical checks (histograms and QQ-plots) and Shapiro-Wilkôs tests (Shapiro & Wilk, 

1965). Both methods, in particular the graphical checks, inform decisions about which 

mixed model (LMM or GLMM) and distribution to use (Gaussian for LMM and Poisson for 

GLMM; Zuur et al., 2009). QQ-plots with data points following roughly a linear line through 

the plot and histograms which follow the bell curve distribution were considered indicative 

of a normal distribution. Then during model validation, histograms and QQ-plots were also 

applied to the model residuals to assess normality.  

The homogeneity of each response variable was assessed visually for categorical and 

continuous variables using boxplots and scatterplots respectively, by plotting the response 

variables against the fixed factors. Categorical variables were considered of equal 

variance if the box and whiskers followed a similar distribution for each category. 

Continuous variables were considered of equal variance if data points follow a similar 
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distribution along the independent variable gradient. Following modelling, the residuals 

were visually assessed using scatterplots, supported by Leveneôs tests (Levene, 1960). 

Residuals were considered to be of equal variance if data points showed no obvious 

patterns around the central line.  

Data were collected from multiple sites, with differing flow regimes, across multiple rivers 

over multiple dates. Therefore, to count any potential violations of the assumption that 

data were independent, random factors were incorporated into models. Data were 

explored initially by plotting response variables against potential random factors (e.g. 

variables relating to site, time and flow). If a random factor resulted in a model with a 

singular fit (i.e. it did not impact on the independence of variables) it was removed.  

Outliers were visually assessed for the categorical and continuous variables using 

boxplots and scatterplots respectively, and supported by Cookôs distance plots, which 

were also used to assess the model residuals. 

Overdispersion and zero-inflation within the data were both assessed on the model 

residuals using the ôcheck_overdispersionô and ñcheck_zeroinflationò function in the 

ñPerformanceò package in R (L¿decke et al., 2020). If the models have a dispersion ratio 

value > 1, supported by a P value < 0.05 then models are overdispersed. If the number of 

observed zeros is larger than the number of predicted zeros, the zero-inflation function will 

indicate zero-inflation within the data (Lüdecke et al., 2020).    

If assumptions of the raw data were met then a linear mixed model (LMM) was used, and 

if assumptions of the raw data were not met then a generalised linear mixed model 

(GLMM) was used. Where model residuals did not meet assumptions, further distributions 

were tested or failing that, the response variables were transformed. 

2.4.4 Generalised Linear Mixed Models (GLMM) 

Generalised linear mixed models allow for data that do not meet the assumptions of a 

Gaussian distribution to be modelled accurately through specifying error distributions and 

link functions. For data with response variables consisting of count data, such as taxa 

richness, a Poisson distribution and log link function or square-root link function were 

initially used in the GLMM. If the model residuals of this GLMM were over dispersed a 

negative binomial GLMM was used, which does not assume that the variances are equal 

around the mean (Feld et al., 2016; Zuur & Ieno, 2016). Where zero-inflation occurred a 

hurdle model with a Poisson distribution was used, as these models make assumptions 

that zeros in the data do not occur by chance (Brooks et al., 2017). For proportional 

response variables, a GLMM with a beta distribution and logit link function was used.  
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2.4.5 Community analysis 

Community composition analysis is another facet of understanding biotic responses to 

environmental variables including those indicative of human impacts, and is enabled by 

measures that quantify compositional dissimilarity between communities. The Bray-Curtis 

dissimilarity was used in this thesis and indicates the differences in taxa occurrences and 

abundances between samples, given as a number between 0 (all are the same taxa 

between samples) and 1 (no shared taxa between samples). This measure of dissimilarity 

was used because it is not a true distance, and therefore does not assume multivariate 

normality (unlike Euclidean distances) and often community composition data is non-

normal (Anderson & SantanaȤGarcon, 2015).  

Using Bray-Curtis dissimilarities, three methods were used to analyse community 

compositional changes: permutational multivariate analysis of variance (PERMANOVA; 

Anderson, 2014) and non-metric multidimensional scaling (NMDS). NMDS simplifies data 

from multiple dimensions into a few, typically two, dimensions, which can then be 

visualised as an ordination. NMDS is rank-based, comparing which communities are most 

or least distant from each other and ranking and plotting them accordingly (Rabinowitz, 

1975). For NMDS ordinations a stress value is assigned to each dimension, with values > 

0.2 generally considered uninformative. However, stress values are influenced by sample 

sizes, meaning in larger datasets, higher values can still be considered informative 

(Dexter et al., 2018). PERMANOVA identifies differences in community composition in 

relation to environmental variable groups using a dissimilarity measure (e.g. Bray-Curtis; 

Anderson, 2014). PERMANOVA was selected because it is semiparametric, meaning 

there is flexibility around assumptions such as normality and zero-inflation, and also 

allows the use of ordinal data (Anderson, 2014). The main assumption of NMDS and 

PERMANOVA is that the distribution of samples within-groups is homogeneous among 

groups, although PERMANOVA is robust to heterogeneity in balanced designs than other 

methods (i.e. ANOSIM; Anderson and Walsh, 2013). This assumption was checked using 

the ópermdispô function from the vegan package (Oksanen, 2015). Similarity Percentage 

Analysis (SIMPER) was used to identify species which contribute towards the dissimilarity 

between pairs of environmental variable groups, as detected by the PERMANOVA 

analyses (Clarke & Gorley, 2006). SIMPER results described the contribution of each 

species to the dissimilarity, their average abundance in each group. 

Beta diversity describes differences in community composition among sites (spatial) or at 

one site over time (temporal) and is another component of community composition and 

biodiversity (Anderson et al. 2011). Total beta diversity comprises turnover and 

nestedness-resultant dissimilarity, which is not considered true nestedness but will be 
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referred to hereafter as nestedness (Baselga, 2010). Turnover describes the substitution 

of lost species by other species between sites, and nestedness, the variability in 

communities according to richness differences (Baselga, 2010; Aspin et al., 2018). In this 

research, beta diversity was measured using Sørensen dissimilarity (ɓsor), turnover using 

the Sørensen dissimilarity index (ɓsim) and nestedness as the difference between the two 

(ɓnes) using the package óbetapartô (Baselga & Orme, 2012).  

2.4.5.1 Taxon-specific responses 

Two methods were used to analysis taxon-specific responses to environmental variables: 

Indicator Species Analysis (IndVal; de Caceres, 2010) and Threshold Indicator Taxa 

ANalysis (TITAN; Baker & King, 2010). IndVal is a widely used method to identify taxa 

associated with, and therefore potentially indicative of, categorical habitat conditions (e.g. 

land use; Dufrêne & Legendre, 1997). IndVal scores can be split into two components: 

specificity, the probability of taxa occurring at all sites within the habitat category, and 

fidelity, the probability of taxa being found only in the habitat category.  

TITAN defines an ecological threshold on a continuous environmental gradient using both 

change-point analysis and IndVal (Baker & King, 2010). It uses IndVal scores to identify 

change points in taxa occurrence and abundance along the continuous environmental 

gradient, calculating the midpoint and magnitude of change to indicate taxa which 

increase or decrease along the gradient (Baker & King, 2010). Bootstrap resampling is 

used to produce diagnostic indices to indicate the quality of the response: purity (the 

number of bootstrap replicate responses which agree with the overall responses) and 

reliability (the proportion of bootstrap replicates with P < 0.05). For both these indices a 

value of Ó 0.95 is considered pure or reliable (Baker & King, 2010).  
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Chapter Three: Macroinvertebrate community 

responses to habitat conditions across differing 

flow regimes 

 

3.1 Introduction 

Streams have long been subjected to various anthropogenic impacts, which influences the 

taxonomic composition of their resident macroinvertebrate communities (Dudgeon et al., 

2006; Reid et al., 2019). In southern England, modifications to channel morphology have 

been made historically to accommodate water mills and agricultural activities including 

water-cress farming (Wilson et al., 2021). These systems also face increasing pressures 

from land use changes (e.g. agriculture and urban expansion), and both human-altered 

channel morphologies and anthropogenic land uses can increase fine sediment inputs into 

streams (Wood & Armitage, 1997; Jones et al., 2011). Concurrently, increasing demands 

for water supplies ï particularly in regions with high and expanding urbanisation (e.g. 

southern England; Poff et al., 2003; Richter et al., 2003; Dumont et al., 2012) ï coupled 

with climatic changes ï potentially including an increase in the frequency and severity of 

both floods and droughts (Döll & Schmied, 2012; Watts et al., 2015) ï are exacerbating 

hydrological variability in river ecosystems (Jones, 2013; Ledger & Milner, 2015).  

Droughts manifest as low flows in perennial rivers (Wood and Petts, 1999; Dewson et al., 

2007), rare drying events in near-perennial systems (Hill et al., 2019), and extended dry 

phases in seasonally intermittent streams (Sarremejane et al., 2020). Across these 

streams, low flows and drying can lead to reduced dissolved oxygen levels, increased 

channel temperatures and decrease the capacity for taxa to disperse (Williams, 1977; 

Boulton, 2003). The extremity of these conditions is influenced by the different flow regime 

responses to drought, which can in turn affect macroinvertebrate community responses 

and the potential recovery following a drought period (Boulton, 2003; Stubbington et al., 

2015; Sarremejane et al., 2021;). The effects of drought on aquatic communities may be 

expected to manifest in different ways depending on the intermittence regime (Figure 3.1). 

The impacts may differ in morphologically modified channels, by further reducing 

hydrological variability, sediment complexity and vegetation diversity in already 

homogenous channels (Wood and Petts, 1994; Dunbar et al., 2009). 
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Figure 3.1. Conceptual models for the community responses to drought according to flow regime: a) perennial, b) near-perennial, c) partially intermittent (dry 

unpredictably) and d) intermittent. The community composition is arbitrarily defined.  
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River and stream ecosystems comprise a variety of spatiotemporally variable habitat 

patches with differing environmental characteristics, in particular reflecting variability in 

hydrology, sediment and vegetation (Rempel et al., 2000). Many freshwater taxa have 

specific environmental preferences (Extence et al., 1999), in particular reflecting flow 

conditions (e.g. rippled flow or broken waves, sensu Environment Agency, 2003; Shuker 

et al., 2017), sediment sizes (e.g. sand, gravels, cobbles; William & Mundie, 1978) and 

vegetation (structural morphologies e.g. broad-leaved, fine-leaved; Scheffer et al., 1984; 

Schröder et al., 2013; Beermann et al., 2018). Therefore, the spatiotemporal 

heterogeneity and diversity of these habitat qualities influence the taxonomic composition 

of instream communities including benthic macroinvertebrates.  

Flow and sediment are closely linked, with declining flow velocities reducing bedload 

transport and increasing fine sediment deposition (Beermann et al., 2018; Blöcher et al., 

2020), especially in low-energy systems such as chalk streams (Acornley & Sear, 1999). 

Vegetation also interacts with both flow velocity and sediment, with different plant 

morphotypes having contrasting effects on these physical parameters (Clarke, 2002; 

Gurnell, 2014). For example, the dissected leaves and trailing stems of dense Ranunculus 

standsðwhich often occur in perennial chalk streamsðreduce flow velocities and 

increase fine sediment deposition, creating habitats suitable for other plant species 

(Clarke, 2002; Gurnell et al., 2006). Studies investigating macroinvertebrate community 

responses often focus on the independent and interacting effects of just one or two of 

these environmental factors (e.g. Rempel et al., 2000; Beermann et al., 2018; Blöcher et 

al., 2020), with few investigating the influence of all three (Khudhair et al., 2019), and none 

encompassing both perennial and intermittent flow regimes and quantifying interactive 

effects. 

Macroinvertebrate communities typically differ between perennial and temporary streams 

(Datry et al., 2014a; Soria et al., 2019), and the latter largely comprise generalist taxa, 

with a few specialists also occurring in systems with predictable, long-term dry phases 

(Armitage & Bass, 2013; Bogan et al., 2017; Stubbington et al., 2017). Research exploring 

differences between macroinvertebrate communities in perennial and temporary streams 

have rarely focused on systems with impacted morphologies, with few studies 

characterising responses to hydrological variability and drought in regions dominated by 

modified channels (e.g. Sarremejane et al., 2019, 2020). As such, temporary stream 

restoration, and monitoring, typically rely heavily on approaches developed for perennial 

systems, leading to potential poor performance (Leigh et al., 2016; Stubbington et al., 

2017). Additionally, macroinvertebrate communities change over time, responding to 

hydrological interannual variability including floods and droughts (Poff et al., 1997). 



 

38 
 

Morphological modifications may influence the survival of macroinvertebrates during 

extreme flow conditions due to resistance and resilience strategies (Dunbar et al., 2009). 

However, the differences in responses between perennial and intermittent communities 

over time, with particular interest in inferences to climate change, and how morphology 

can influence these temporal responses needs further study.  

To address the knowledge gaps mentioned, the research presented in this chapter aims 

to characterise the independent and interactive macroinvertebrate community responses 

(both composition and as metrics such as taxa richness and indices) to spatial and 

temporal variability in flow, sediment and vegetation conditions. Sampling sites 

encompassed a range of flow permanence regimes (from perennial to intermittent) and 

morphological modification levels, which were sampled over a 23 year period). The results 

will inform the design of restoration schemes that support biodiversity within river networks 

by increasing morphological naturalness of sites spanning a breadth of flow permanence 

regimes. To address the aims of this chapter, I hypothesised that macroinvertebrate 

community compositional change, and community-based biological metrics increased, in 

response to increasing complexity in (H1) flow, (H2) sediment and (H3) aquatic vegetation 

structures, with (H4) responses to these environmental characteristics differing between 

perennial and intermittent macroinvertebrate communities. I also hypothesise that (H5) 

community composition differed over time with greater temporal change in communities at 

perennial compared to intermittent sites, in particular during droughts. 

3.2 Methods 

3.2.1 Study sites 

The six study streams (Beane, Chess, Gade, Mimram, Misbourne and Ver) are located 

within the Colne and Upper Lee catchments, UK. All streams have underlying chalk 

geology, with some reaches having naturally intermittent flow regimes due to the porous 

nature of the chalk (Westlake et al., 1972; Shand et al., 2003). This natural intermittence 

is often exacerbated by anthropogenic impacts (e.g. water abstractions; Shand et al., 

2003) and further impacted morphologically, influencing flow, for historic mills and water 

cress farms (River Colne Catchment Action Network, 2021; Ver Valley Society, 2021). 

The flow permanence regimes at the study sites included perennial (PR; 0% no flow; i.e. 

ponded, wet bed or dry bed states), near-perennial (near PR; >0-20% no flow), partially 

intermittent (partial IR; >20-60% no flow) and intermittent (IR; >60% no flow; sensu 

Sarremejane et al., 2019). Land use within the catchments is predominantly agricultural 

with increasing urban extent (summarised in Table 3.1).  
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Table 3.1. The land use percentage cover for the catchment of each of the six study streams 

(National River Flow Archive, 2021).  

 Woodland Agricultural Grassland Urban 

Beane 10.9 59.5 16.7 12.9 

Chess 17.9 34.5 33.5 12.4 

Gade 17.1 36.3 25.0 21.5 

Mimram 12.6 56.5 18.3 12.6 

Misbourne 22.4 42.0 23.7 11.1 

Ver 9.9 55.7 24.7 8.9 

 

3.2.2 Macroinvertebrate dataset 

A macroinvertebrate community dataset provided by the Environment Agency (EA) was 

used comprising 799 taxa in 20,175 samples collected between 1990-2019, from 97 sites 

on the six study streams. Data were harmonised and some sites were removed (as 

described below), to produce a final dataset.  

Macroinvertebrate samples were collected using the standard 3-minute kick-sampling 

method, which represents all instream habitats in proportion to their occurrence, 

supplemented by a 1-minute hand search (ISO, 2012). Abundance recording methods 

varied among years; samples collected pre-1995 were recorded on a 33rd logarithmic 

scale (3, 33, 333) as opposed to actual abundance from 1995, and thus pre-1995 samples 

were removed from the dataset. Macroinvertebrates were identified to different taxonomic 

levels, mainly to genus or species but family (e.g. Chironomidae and other Diptera) and 

higher levels (e.g. Oligochaeta) for some taxa. The lowest possible taxonomic level was 

used in the dataset and the taxa list was harmonised across samples to ensure 

consistency in taxonomic resolution, following Sarremejane et al. (2019), who 

characterised macroinvertebrate communities in the same six study rivers as included 

here.  

3.2.3 Site and sample selection 

The first process of site selection involved prioritising sites (n = 31) with more temporal 

replicates (e.g. samples collected in most years) and which already had environmental 

data (see section 3.4.2). For the remaining sites (n = 66) without environmental data, 

further selections were made according to expert recommendations based on knowledge 

of site hydrology, geomorphology and vegetation, and again, prioritising those with higher 

replication (n = 38). From the prioritised sites (n = 69), two sites were excluded due to 

poor water quality, which may have influenced macroinvertebrate communities, masking 
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the effects of the habitat conditions of interest. Five sites were initially excluded as sites 

were dry when environmental data were collected (see section 3.2.4). Environmental data 

were not always collected at the time of the macroinvertebrate sampling and would 

therefore not be representative of the conditions found during the flowing phase needed 

for macroinvertebrate community survival.  

Finally, the EA dataset included surveys conducted in all seasons, introducing seasonality 

as a potential influence on macroinvertebrate communities. Seasonal influence upon 

macroinvertebrate communities is well documented (Carlson et al., 2013), therefore ï 

informed by both previous research (Environment Agency, 1999; Ġporka et al., 2006) and 

data exploration (box plots, analysis of variance and permutational multivariate analysis of 

variance, Anderson, 2014; see section 2.5.2) ï summer and winter surveys were 

removed. Data exploration revealed differences in community composition and biological 

metrics (e.g. taxonomic richness) between seasons when winter samples were included, 

and previous research suggesting spring and autumn macroinvertebrate samples as the 

least likely to be influenced by season (Environment Agency, 1999; Ġporka et al., 2006). 

Linear mixed models (LMM) and generalised linear mixed models (GLMM) identified 

differences between biological metrics between spring and autumn communities, which 

were therefore combined in later analysis. PERMANOVA identified compositional 

differences between spring and autumn communities, and each season was therefore 

analysed separately.  

3.2.4 Environmental data 

Each siteôs flow permanence regime was characterised primarily using monthly 

observations of instream conditions made by the EA throughout the macroinvertebrate 

sampling period (1995-2018). These observations characterised hydrological state as 

overbank flow, high flow, flowing, low flow, trickle flow, ponded, wet bed and dry bed. 

Macroinvertebrate sampling sites were matched to observation sites with 39 of the sample 

sites being co-located, seven <100 m apart, ten 100-500 m apart and eight 500-800 m 

apart, and all experiencing comparable flow conditions. Observations were used to 

calculate the number of months since no flow (i.e. ponded, wet bed or dry bed states; 

hereafter, ómonth sinceô). Additional information on abstraction changes and licences in 

the area over the survey period were used to infer abstraction influence over time. A 

drought period occurred between 2005-2008, with the years before 2005 considered as 

pre-drought and those after 2008 considered post-drought. 

To characterise the hydrology, sediment characteristics and in-channel vegetation of each 

site Modular River Physical Surveys (MoRPh; Shuker et al., 2017) data were used (see 
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section 2.4.x for full details on each variable). Existing MoRPh survey data were accessed 

via http://modularriversurvey.org/ and matched to macroinvertebrate sampling sites using 

grid references, for 31 of the 69 sites. The remaining 38 sites were surveyed on 25thï26th 

Nov 2019 and 20th Jan 2020, as described in Chapter 2.3. Despite limited 

characterisations of vegetation, MoRPh surveys were done in winter for logistic reasons 

and produced acceptable results. For the 62 finalised sites, the 14 MoRPh indices were 

calculated (see section 2.3). Indices 1ï7 and 9 were initially selected to represent the 

complexity of flow, sediment and in-channel vegetation. Index 9 (the number of vegetation 

morphotypes; NumVegMorph) was then adapted by splitting cover into four categories 

(absent, minimal = <5%, moderate = 5-33%, and extensive = >33%) for each of six 

morphotypes (emergent linear leaved, emergent broadleaved, submerged fine leaved, 

submerged broadleaved, submerged linear leaved, filamentous algae). Data exploration 

was conducted to assess the suitability of the categorical indices (2,4 and subsets of 9) 

and continuous indices (1, 3, 5, 6, 7, 9). For categorical indices, the basic R function table 

was to assess the distribution and balance of samples across each index category, 

resulting in removal of four subdivisions of index 9 with low replication (e.g. submerged 

fine leaved vegetation cover) and two indices due to imbalance between categories (index 

4: coarsest sediment size, and subset 9: emergent linear leaved). For categorical 

variables, scatterplots were produced to assess distributions, on the basis of which three 

indices were removed due to representation by other indices (e.g. average bed sediment 

size).  

The number of flow types (NumFlow; index 1) and the highest energy flow type 

(HighestEFlow; index 2) were selected to represent flow complexity, the number of 

sediment types (NumSed; index 3) and the extension of silt covering the channel bed 

(SiltBedCover index 7) to represent sediment complexity, and NumVegMorph (index 9) 

and emergent broad-leaf vegetation cover (EmBroadVeg; index 9 subdivision) to 

represent in-channel vegetation complexity.  

http://modularriversurvey.org/
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Table 3.2. The 62 sites included in the final dataset and their environmental properties, as characterised by flow permanence regime (FPR) 

and six MoRPh indices representing flow complexity, sediment complexity and in-channel vegetation. IR, intermittent river; partial IR, partially 

intermittent river; near PR, near-perennial river; PR, perennial river. 

Waterbody Site name FPR Highest 

energy flow 

type 

Number of 

sediment 

types 

Extent of 

silt over 

bed 

Number of 

aquatic 

vegetation 

morphotypes 

Emergent 

broadleaf 

presence 

BEANE 
 

Below Church End Ford, 

Walkern 

IR No perceptible 

flow 

5 1.9 0 Absent 

At Aston End Pumping 

Station 

partial 

IR 

Smooth 1 0 1 Absent 

Watton-At-Stone partial 

IR 

Smooth 3 0 2 Absent 

At Hartham Common PR Smooth 3 0.95 1 Absent 

At Waterford partial 

IR 

Smooth 3 0 0 Absent 

U/S Frogmore Hall IR Smooth 2 0 2 Moderate 

U/S Watton-At-Stone near PR Unbroken 

standing 

waves 

2 0 2 Moderate 
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U/S Mill Lane partial 

IR 

Smooth 0 0 0 Absent 

U/S Stapleford near PR Unbroken 

standing 

waves 

3 0 1 Absent 

CHESS 
 

Above Chenies STW PR Unbroken 

standing 

waves 

3 0.1 1 Extensive 

Below Broadwater Bridge partial 

IR 

Smooth 3 3.35 0 Absent 

Above Valley Farm Ford PR Broken 

standing 

waves 

3 0 1 Absent 

GADE 
 

Above Gade Bridge Lane, 

Hemel Hempstead 

PR Rippled 2 0.1 2 Moderate 

At Great Gaddesdon, D/S 

Pipers Lane 

partial 

IR 

Rippled 3 0.1 2 Extensive 

At Gade Water Nurseries PR Rippled 4 1.9 0 Minimal 

Gade Bridge Park Behind 

Park and Ride 

PR Unbroken 

standing 

waves 

2 0 1 Minimal 
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Below Fish Farm at electric 

sub station 

near PR Rippled 3 0.2 3 Moderate 

Us Link Road PR Smooth 0 0 2 Minimal 

U/S Plough Roundabout near PR Rippled 3 0.95 1 Absent 

D/S Plough Roundabout near PR Smooth 1 0 1 Absent 

U/S Piccotts End Ps near PR Unbroken 

standing 

waves 

3 0 1 Extensive 

MIMRAM 
 

Below Whitwell, at Hoo End, 

Whitwell 

near PR Rippled 1 0 3 Extensive 

At Welwyn Town near PR No perceptible 

flow 

1 6.7 2 Extensive 

Above Welwyn Town partial 

IR 

Unbroken 

standing 

waves 

2 0 3 Moderate 

At Digswell Park partial 

IR 

Smooth 2 0 2 Moderate 

At Whitwell near PR Free fall 3 3.35 2 Moderate 

At Codicote Bottom near PR Unbroken 

standing 

waves 

2 0 1 Minimal 

At Panshanger PR Rippled 4 0.95 2 Moderate 
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Below Codicote Bottom partial 

IR 

Unbroken 

standing 

waves 

2 0 2 Moderate 

D/S Kimpton Mill PR Rippled 1 0 3 Extensive 

Within Sherrardswood 

School control site 

near PR Rippled 4 0 3 Extensive 

Within Sherrardswood 

School - Site of Old Weir 

near PR Rippled 1 0 1 Moderate 

D/S Hertford Road partial 

IR 

No perceptible 

flow 

3 0.95 3 Extensive 

At Digswell Lakes Nature 

Reserve (D/S) 

PR Smooth 1 0.2 1 Absent 

Tewin Water School PR Free fall 3 0.95 2 Minimal 

MISBOURNE 
 

Below Deep Mill Lane, 

Great Missenden 

partial 

IR 

Smooth 4 6.7 0 Moderate 

At Little Missenden partial 

IR 

Rippled 4 2.85 2 Extensive 

At Bottom House Farm 

Lane, Chalfont St.Giles 

IR Rippled 4 0 2 Moderate 

At Community Centre, 

Chalfont St.Peter 

IR Dry 1 0 0 Moderate 

D/S Gerrards Cross STW PR Rippled 3 1.9 2 Moderate 
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Above Old Amersham at 

A415 

partial 

IR 

Unbroken 

standing 

waves 

5 0 1 Moderate 

U/S Gerards Cross STW PR Unbroken 

standing 

waves 

2 0 1 Extensive 

Below Denham Village PR Smooth 4 6.7 1 Moderate 

Below Misbourne Farm partial 

IR 

Rippled 3 0 0 Minimal 

Below Quarrendon Mill partial 

IR 

Smooth 4 0.95 2 Moderate 

Below Bottom House Farm IR Rippled 3 0 1 Absent 

D/S Little Missenden GS near PR Unbroken 

standing 

waves 

4 0.2 2 Moderate 

Amersham Cemetery partial 

IR 

Unbroken 

standing 

waves 

4 1.9 0 Absent 

VER 
 

Above Pre Mill House, St. 

Albans 

near PR Rippled 3 0.95 2 Extensive 

At River Hill, Flamstead IR No perceptible 

flow 

0 6.7 2 Extensive 
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At Chequer Lane, D/S 

Redbourne 

partial 

IR 

No perceptible 

flow 

2 0 2 Extensive 

Below Redbourne Road 

(A5183) 

partial 

IR 

Unbroken 

standing 

waves 

3 0.95 5 Extensive 

Below Burydell Lane, Park 

Street 

PR Broken 

standing 

waves 

3 0 1 Minimal 

Above Colne PR Unbroken 

standing 

waves 

2 0 4 Absent 

Below Redbournbury Farm 

Ford 

partial 

IR 

No perceptible 

flow 

0 0 2 Extensive 

At Sopwell near PR Smooth 0 0 1 Moderate 

Below Kingsbury Mill, St 

Albans 

near PR Rippled 2 0.1 0 Minimal 

Us Shafford Farm next to 

Works 

PR No perceptible 

flow 

1 6.7 4 Moderate 

Us Shafford Farm next to 

A5183 

PR Smooth 3 0 2 Moderate 

Hyde Lane PR Smooth 0 0 2 Moderate 
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Above Cottonmill Bridge 

and Weir 

PR Rippled 0 0 1 Moderate 

New Barnes Mill PR Smooth 2 6.7 0 Absent 
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3.2.5 Perennial and intermittent community datasets 

To enable comparison of community responses at sites with contrasting flow permanence 

regimes, two macroinvertebrate datasets were created, one including all samples from 

intermittent sites (n = 100) and one including 100 randomly selected samples from 

perennial sites. Three samples were moved from the intermittent dataset due to the low 

replication of sites with smooth flow as the HighestEFlow, although these were retained 

for visual analyses, and ten samples were removed from the perennial dataset due to the 

low replication of free fall and broken wave sites as the HighestEFlow. 

3.2.6 Statistical analysis 

Three separate analyses were conducted for each method described below, one for the 

dataset which included all flow regimes (PR, near PR, partial IR and IR; termed all-regime 

hereafter), and separate analyses for perennial and intermittent datasets. All data 

analyses were conducted in R version 4.0.0 (R Core Team, 2020). Prior to analysis, initial 

data exploration was conducted using both Variance Inflation Factors (VIF; see section 

2.5.1) and correlation plots to check for collinearity between independent variables (i.e. 

environmental variables) and no collinearity was found (GVIF <3).  

Boosted regression trees (BRT; Elith et al., 2008; Feld et al., 2016) were used to assess 

the contribution of each independent variable to variation in the macroinvertebrate data, to 

inform selection of sediment and vegetation variables to include in further analysis. The 

NumFlow did not explain any variation and so was excluded. 

3.2.7 Community composition 

Non-metric multi-dimensional scaling (NMDS) analysis (999 iterations) and ordination 

were conducted using Bray-Curtis similarity coefficients (óveganô package; Okansen et al., 

2007), to visualise variability in macroinvertebrate community composition over time and 

in space. Environmental variables (year, HighestEFlow, NumSed and EmBroadVeg), were 

colour coded according to categories on the NMDS plot.  

PERMANOVA tests, including pairwise comparisons (óveganô package; Oksanen et al., 

2007; Anderson, 2014) were conducted to identify statistical differences in community 

composition between years and between the environmental variables to investigate 

spatial changes. For all PERMANOVA analyses, the function betadisper (óveganô 

package) was also applied to the data to check for the multivariate homogeneity of group 

dispersions. Similarity percentage analysis (SIMPER; Clarke, 1993) was used to identify 

the species contributing towards any dissimilarity identified by PERMANOVA.  
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To further examine the temporal changes in community composition and the responses of 

communities to drought conditions, four NMDS ordinations were produced for a 

representative PR, near PR, partial IR and IR site, with PERMANOVAs conducted to 

identify site-specific differences between years. Visual assessments were also made to 

identify changes from pre-drought, drought and post-drought periods. As site-specific 

environmental parameters were characterised for the study period had only one temporal 

replicate, the environmental analysis (mentioned above) was not conducted for individual 

sites. Instead, environmental parameters were considered for inference when between-

site comparisons were made, to assess if environmental conditions can influence the 

recovery to pre-drought conditions. Once analysis was completed, comparisons between 

the community responses to drought and the conceptual model were made in the 

discussion. 

3.2.8 Biological indices 

From the all-regime dataset, ten biological metrics (six taxonomic and four functional) 

representative of macroinvertebrate communities were calculated for each sample. 

Taxonomic richness, Shannon-H diversity, Whalley Hawkes Paisley Trigg Average Score 

Per Taxon (WHPT ASPT, Paisley et al., 2014), Drought Effect of Habitat Loss on 

Invertebrates index (DEHLI, Chadd et al., 2017), the family-level Proportion of Sediment-

sensitive Invertebrates (EPSI family, Turley et al., 2016) and Ephemeroptera, Plecoptera 

and Trichoptera richness (EPT) were used to investigate taxonomic community 

responses. All metrics were calculated using the R package óbiomonitoRô (Laini et al., 

2020) and described in full in section 2.4.1. Functional richness and diversity were 

calculated in R using the óFDô package (Lalibert® et al., 2014) from Gower distance 

community matrices, which can be more accurate than Bray-Curtis at identifying 

responses along an environmental gradient and deals with missing values (de Bello et al., 

2007). Functional redundancy was calculated in óbiomonitoRô (Laini et al., 2020) using the 

Gini-Simpson index (de Bello et al., 2007). 

To investigate the influence of hydrology, sediment and in-channel vegetation on the 

biological metrics, generalised linear mixed models (GLMMs) and LMMs were applied to 

the three datasets: all-regime, perennial and intermittent. GLMMs were used for 

taxonomic richness and EPT richness, and LMMs for all other metrics, using the 

óglmmTMBô (Brooks et al., 2017) and ólme4ô (Bates et al., 2015) packages in R, 

respectively. Guided by previous research (Chapter 1 and section 3.1) and the 

hypotheses, for each model, a flow variable, sediment variable and vegetation variable 

were selected, dependent on RF results and data exploration plots (all model variables 

are summarised in Table 3.3). All continuous independent variables were scaled prior to 
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analysis to make them comparable. For all models marginal R2 and conditional R2 were 

calculated in the ñperformanceò package in R (L¿decke et al., 2021), to quantify the 

proportion of variation in the response explained by fixed factors and fixed + random 

factors, respectively.  

Table 3.3. The flow, sediment and vegetation variables initially included in the mixed-effect models 

(before model selection based on AIC) for each of the biological metrics for the all-regime, 

perennial and intermittent analysis.  

Metric Flow variable Sediment variable Vegetation variable 

All regime    

Richness HighestEFlow SiltBedCover NumVegMorph 

Diversity HighestEFlow NumSed NumVegMorph 

WHPT ASPT HighestEFlow SiltBedCover EmBroadVeg 

DEHLI HighestEFlow SiltBedCover EmBroadVeg 

EPSI family HighestEFlow NumSed EmBroadVeg 

EPT richness HighestEFlow SiltBedCover NumVegMorph 

Functional richness HighestEFlow NumSed EmBroadVeg 

Functional diversity HighestEFlow NumSed NumVegMorph 

Functional 

redundancy 

HighestEFlow SiltBedCover EmBroadVeg 

Perennial    

Richness HighestEFlow NumSed EmBroadVeg 

Diversity HighestEFlow SiltBedCover NumVegMorph 

WHPT ASPT HighestEFlow SiltBedCover NumVegMorph 

DEHLI HighestEFlow NumSed EmBroad 

EPSI family HighestEFlow NumSed NumVegMorph 

EPT richness HighestEFlow NumSed NumVegMorph 

Functional richness HighestEFlow SiltBedCover NumVegMorph 

Functional diversity HighestEFlow NumSed NumVegMorph 

Functional 

redundancy 

HighestEFlow NumSed EmBroadVeg 

Intermittent    

Richness HighestEFlow NumSed NumVegMorph 
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Diversity HighestEFlow NumSed EmBroadVeg 

WHPT ASPT HighestEFlow SiltBedCover EmBroadVeg 

DEHLI HighestEFlow SiltBedCover EmBroadVeg 

EPSI family HighestEFlow SiltBedCover NumVegMorph 

EPT richness HighestEFlow SiltBedCover NumVegMorph 

Functional richness HighestEFlow NumSed NumVegMorph 

Functional diversity HighestEFlow SiltBedCover NumVegMorph 

Functional 

redundancy 

HighestEFlow SiltbedCover EmBroadVeg 

 

For the all-regime analysis, in all but the H and functional diversity models, site, month 

since, and year were used as random factors. For H and functional diversity models, 

month since was removed as it explained no variation in the response variable, meaning 

the models had a singular fit (see section 2.4.3). For the analysis conducted on perennial 

and intermittent communities, month since was removed from diversity, WHPT ASPT, 

EPT richness, and functional diversity models as it had no influence on the response 

variables. 

Multiple models were produced from the hydrological, sediment and vegetation variables 

and their interactions and the best fitting models selected using Akaikeôs Information 

Criteria (AIC) as per section 2.4. For all-regime taxonomic richness, a negative binomial 

model (R function ñglmer.nbò) with a quasi-poisson distribution and log link function was 

used due to overdispersion which was found after initial GLMM Poisson model residuals 

were inspected and AICs consulted. For perennial and intermittent datasets, a GLMM 

Poisson model was applied as there was no overdispersion. For EPT richness, for models 

based on all three datasets, a hurdle GLMM (R function ñglmmTMBò) with a Poisson 

distribution and log link function was used after model residuals revealed zero-inflation.  

3.3 Results 

The final macroinvertebrate dataset comprised of 1,376,165 individuals from 234 taxa 

from 1128 samples (the mean number of samples ± SD per river: Beane, 15 ± 11.7, 

Chess, 23 ± 13, Gade, 14.9 ± 16, Mimram, 18.8 ± 11.12, Misbourne, 19.4 ± 16.3, Ver, 

18.6 ± 10.4) collected at 62 sites (Beane = 10, Chess = 3, Gade = 9, Mimram = 14, 

Misbourne = 12, Ver = 14) in spring (n = 552) and/or autumn (n = 576) between 1995-

2018.  
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3.3.1 Environmental factors 

3.3.1.1 All sites 

Site-specific flow conditions varied from free fall to no perceptible flow (NPF) as the 

highest energy flow type (HighestEFlow), and the number of flow types (NumFlow) per 

site ranged from 1ï5. The most widespread HighestEFlow types were rippled (387 

samples), unbroken waves (299), smooth (252) and NPF (105). The number of sediment 

types (NumSed) ranged from 0 (not visible, reflective of heavily silted conditions) to 5, with 

dominant sediment types including bedrock, cobbles, gravels, sand and silt. The extent of 

silt on the channel bed (SiltBedCover) ranged from 0ï6.7. Emergent broadleaf vegetation 

cover (EmBroadVeg) encompassed all categories, from absent to extensive.  

3.3.1.2 Perennial and intermittent sites  

At perennial sites, the HighestEFlow included smooth flow, rippled flow and unbroken 

waves, with the number of flow types ranging from 1ï3 per site. Sediment composition 

included cobbles, gravels and silt, with 0ï4 sediment types per site and SiltBedCover 

ranging between 0 and 6.7. All categories of EmBroadVeg were represented and the 

number of vegetation morphotypes per site varied between 0ï4. 

At intermittent sites the HighestEFlow ranged from NPF to rippled flow. Between 0ï5 

sediment types were recorded per site, with SiltBedCover ranging from 0 to 6.7. Sites only 

supported 0ï2 vegetation morphotypes, and EmBroadVeg was absent, moderate or 

extensive.  

3.3.2 Differences in perennial and intermittent community composition 

Despite some overlap, community composition differed between P and I sites 

(PERMANOVA, F = 8.68, df = 1, P = < 0.001, Figure 3.2). Perennial sites had higher 

abundances of taxa including Gammarus pulex/fossarum, Baetis rhodani/atlanticus, Elmis 

aenea and Potamopyrgus antipodarum (SIMPER, Table A1.1), and supported taxa which 

were absent from intermittent sites, including Sericostoma personatum and Sphaerium 

spp. (Table A1.1). Some taxa were moderately more abundant at intermittent sites, such 

as Asellus aquaticus and Pisidium spp. but these differences were non-significant 

(SIMPER, P > 0.05). All biological metrics were higher in perennial communities than their 

intermittent counterparts. 
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Figure 3.2. Non-metric multidimensional scaling (NMDS) ordination of abundance-based variability 

in macroinvertebrate community composition of the 100 perennial (PR) and intermittent (IR) sites.  

3.3.3 All-regime responses to environmental parameters 

3.3.3.1 Community compositional responses 

Flow (i.e. HighestEFlow) explained the most variation in community composition in both 

spring and autumn, although the proportion explained was low (R2 = 0.052). The 

HighestEFlow at a site influenced community composition in both seasons, as both an 

individual factor (PERMANOVA, spring: F = 6.77, df = 5, P < 0.001; autumn: F = 7.29, df = 

5, P < 0.001) and as an interaction with sediment (spring R2 = 0.035: F = 5.71, df = 4, P < 

0.001; autumn R2 = 0.039, df = 4, P < 0.001) and vegetation (PERMANOVA, spring R2 = 

0.051: F = 4.12, df = 8, P < 0.001; autumn R2 = 0.055: F = 4.77, df = 8, P < 0.001). 

Vegetation (i.e. EmBroadVeg) explained comparable, low variation in community 

composition in spring (PERMANOVA; R2 = 0.020) and autumn (PERMANOVA; R2 = 

0.021). EmBroadVeg influenced community composition as an individual variable 

(PERMANOVA, spring: F = 4.33, df = 3, P = 0.001, autumn; F = 4.75, df = 3, P = 0.001) 

and as part of an interaction with SiltBedCover (spring R2 = 0.025, df = 3, P = 0.001; 

autumn R2 = 0.026, df = 3, P = 0.001). Sediment (i.e. SiltBedCover) explained very little 

variation in community composition (spring R2 = 0.008, autumn R2 = 0.007), but 
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community composition differed between sites with varying SiltBedCover (PERMANOVA, 

spring: F = 5.16, df = 1, P = 0.001; autumn: F = 4.52, df = 1, P = 0.001). Community 

composition varied considerably both within and between flow, sediment and vegetation 

categories (Figure 3.3).  

 

Figure 3.3. Non-metric multidimensional scaling (NMDS) ordination of macroinvertebrate 

community composition of spring (a, b, c) and autumn (d, e, f) communities, coloured to reflect their 

occurrence at sites with different flow, sediment and vegetation: (aïb) highest energy flow type 

(light blue ï dark blue = NPF ï free fall); (cïd) number of sediment types, and (eïf) vegetation 

(light green ï dark green = absent ï extensive) cover of emergent broadleaf vegetation. 

3.3.3.2 Taxonomic metric responses 

Flow (i.e. HighestEFlow) occurred in the best models for four metrics: taxonomic richness, 

WHPT ASPT, DEHLI and EPSI (Table 3.1), all of which, except for EPSI which was 
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comparable at all HighestEFlow categories, were significantly influenced by flow (Table 

A1.8). DEHLI and WHPT ASPT were higher at sites at which unbroken waves were the 

HighestEFlow compared to sites with NPF (Figure 3.4a, Table A1.8). DEHLI was also 

higher at sites with broken waves as the HighestEFlow (Figure 3.4b, Table A1.8). WHPT 

ASPT and taxonomic richness were non-significantly higher at sites with broken waves 

than at sites with NPF (WHPT ASPT: estimate = 0.984, SE = 0.501, P = 0.055; taxonomic 

richness: estimate = 0.494, SE = 0.276, P = 0.07; Figure 3.4a and c).  

Table 3.4. The all-regime models with ȹAIC < 2 for each metric with respective marginal and 

conditional R2 values. Flow is the HighestEFlow; sediment is SiltBedCover or NumSed; vegetation 

is NumVegMorph or EmBroadVeg; × indicates interactions. 

Metric: model R2 marginal R2 conditional 

Taxonomic richness: flow × sediment × 

vegetation 

0.32 0.67 

Shannon-H diversity: sediment 

Shannon-H diversity: vegetation 

<0.001 

0.02 

0.46 

0.46 

WHPT ASPT: flow 

WHPT ASPT: sediment 

0.11 

0.04 

0.79 

0.78 

EPSI: flow × sediment × vegetation 0.25 0.61 

DEHLI: sediment 0.02 0.64 

DEHLI: flow 0.09 0.65 

EPT richness: sediment 

EPT richness: sediment × vegetation 

0.06 

0.07 

0.67 

0.67 

Functional redundancy: sediment <0.001 0.28 

Functional richness: sediment <0.001 0.44 

Functional diversity: sediment <0.001 0.19 
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Figure 3.4. The median, interquartile range and 95% confidence intervals with individual sample points (jittered) for (a) taxonomic richness, (b) WHPT ASPT 

and (c) DEHLI responses to the highest energy flow type at a site. Big dots are outliers.   
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Sediment-related predictors (i.e. SiltBedCover and NumSed) occurred in the best models 

for all taxonomic metrics (Table 3.4) and significantly influenced four metrics: taxonomic 

richness, WHPT ASPT, EPSI and EPT richness (Table A1.8). Taxonomic richness and 

DEHLI were comparable across all SiltBedCover conditions, and EPSI and diversity are 

comparable across NumSed (Table A1.8). The sediment conditions explained less 

variation (4%) than flow conditions (11%) in WHPT ASPT, but did respond significantly, 

decreasing as SiltBedCover increased (Figure 3.5a, Table A1.8). EPT richness also 

decreased significantly as the extent of SiltBedCover increased (Figure 3.5b, Table A1.8). 

 

Figure 3.5. The response of a) WHPT ASPT and b) EPT richness to the extent of silt on the 

channel bed (i.e. silt bed cover). Points are jittered to avoid overplotting. The shaded area 

represents 95% confidence intervals. 

Sediment also affected the macroinvertebrate communities in an interaction with flow, 

significantly influencing both taxonomic richness and EPSI (Table A1.8). At sites with 

unbroken waves as HighestEFlow, richness decreased strongly with increasing 

SiltBedCover (Figure 3.6 and Figure 3.7b), compared to sites with NPF, at which richness 

decreased only slightly (Figure 3.6 and Figure 3.7a). EPSI decreased slightly as NumSed 

increased at sites with rippled flow in comparison to those with NPF, where EPSI 

increased with NumSed (Figure 3.8a). This interaction may reflect differences in 

EmBroadVeg at rippled sites (Table A1.8): EPSI decreased as NumSed increased at sites 

with extensive cover but increased with NumSed at sites with absent or present 

EmBroadVeg cover (Figure 3.7b). 
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Figure 3.6. The relationship between taxonomic richness and the extent of silt on the channel bed 

(i.e. silt bed cover) across all highest energy flow types. Points are jittered to avoid overplotting. 

The shaded area represents 95% confidence intervals. 

 

Figure 3.7. The relationship between taxonomic richness and the extent of silt on the channel bed 

(i.e. silt bed cover) at sites with the highest energy flow as (a) no perceptible flow and (b) unbroken 

waves. Points are jittered to avoid overplotting. The shaded area represents 95% confidence 

intervals. 
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Figure 3.8. The relationship between EPSI family and the number of sediment types at (a) sites with different highest energy flow types and (b) at rippled 

sites with different cover of emergent broadleaf plants. The shaded area represents 95% confidence intervals. 

 




































































































































































































































































































































































































