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ABSTRACT 

Agriculture is essential to human health and wellbeing, yet, terrestrial and aquatic 

invertebrates have experienced alarming population decline, in response to intensive 

agriculture, particularly, in developing countries. Land conversion, degradation and 

landscape simplification has caused major biodiversity loss and degraded crucial 

ecosystem services that biodiversity provides. Sustainable agriculture is a key in 

providing food security with reduced environmental impact. One element of 

sustainable agriculture is enhancement of habitat complexity by diversifying 

cropping systems and increasing on-farm habitat. 

The aim of this study was to investigate the effects of habitat complexity (i.e. 

non-crop riparian buffers) and agricultural practices (i.e. intensive monoculture, less-

intensive monoculture, polyculture) on terrestrial and aquatic biodiversity. The study 

was structured around two case studies. The UK case study investigated the effect of 

the structure and composition of vegetated riparian buffers on terrestrial 

invertebrates important in providing ecosystem services, on transport of eroded soil 

and associated contaminants to adjacent streams and on-stream macroinvertebrate 

communities. The Malaysian case study investigated the effect of different 

management regimes used in oil palm smallholdings on terrestrial invertebrate 

communities, soil erosion and input of soil-associated contaminants to adjacent 

ditches and aquatic macroinvertebrates. 

More heterogenous riparian buffers were associated with higher abundances 

of beneficial invertebrates (pollinators, natural enemies and detritivores), and lower 

abundances of pest species. Heterogenous buffers were more efficient at 

intercepting eroded field soil, and more diverse aquatic invertebrate assemblages 

were present in streams adjacent to sites with more heterogenous buffers. 

Polyculture was associated with a greater richness of ground-dwelling invertebrates, 

whereas less-intensive monoculture had the greatest within-plot vegetation cover 

and tallest vegetation, and supported a greater abundance and richness of 

vegetation- associated invertebrates. Soil from intensive monoculture plots had the 

greatest glyphosate concentrations. Aquatic invertebrate communities at all oil palm 

sites were species poor, possibly due to the low pH of the ditch water. 
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The results of this study support the hypothesis that increasing habitat 

complexity promotes biodiversity and the abundance of invertebrates important in 

delivering ecosystem services that enhance agricultural production and protect non-

crop habitats  (e.g. pollination, pest control, soil quality, water quality, nutrient 

retention). This research highlights the importance of plant diversity (crop and non-

crop) in providing food resources, refugees and habitat for pollinators, natural 

enemies and detritivores, and the need to integrate practices that enhance plant 

diversity and abundance into agricultural land management to ensure long-term 

landscape multifunctionality and improvement in ecosystem service delivery. 
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CHAPTER 1 

General Introduction 

 

1.1 Introduction 

Since ancient times, our complex natural ecosystems have been managed by 

humanity for the production of food, fibre and raw materials (MEA 2005; Garbach et 

al., 2014). Ecosystem benefits such as pollination, soil fertility, water resources, 

climate regulations and pest control, have played a major role in the agricultural 

expansion required to feed an increasing human population, which is estimated to 

reach approximately 9 billion by 2050 (Daily et al., 1997; FAO, 2016). The benefits to 

humanity derived from natural ecosystems are referred to as ecosystem services (de 

Groot et al., 2002). The continued supply of ecosystem services is vital to human 

civilization. Continuing human population growth, resource consumption and habitat 

modification has reduced the 9ŀǊǘƘΩǎ ŎŀǇŀōƛƭƛǘȅ ǘƻ ŘŜƭƛǾŜǊ ŎǊǳŎƛŀƭ ŜŎƻǎȅǎǘŜƳ ǎŜǊǾƛŎŜǎΦ 

For example, as a result of deforestation and land conversion, the ability to produce 

high yield monocultures crops at the expense of complex natural ecosystems (Vijay 

et al., 2016; Landis, 2017). Agricultural intensification promotes simplification of the 

landscape, reducing habitat quality, quantity and availability, and thereby increasing 

biodiversity loss (Emmerson et al., 2016; Landis, 2017). Intensive agricultural 

landscapes that were once heterogenous and complex with a mosaic of crop and 

non-crop habitat, have been simplified such that, they support fewer non-crop 

habitats and less diverse crop species (Landis, 2017). 

Habitat complexity is the physical structure of an environment, while 

heterogeneity (or patchiness) is the variation in habitat complexity and species 

composition in space and time (Root, 1973; August, 1983; Metzger, 2001; Miranda 

et al., 2018). Habitat complexity and heterogeneity in agricultural landscapes, as 

supplied by non-crop habitat (e.g. field margin, woodlands and ponds) and crop 

diversity (e.g. polyculture), enhances biodiversity and improves delivery of 

ecosystem services (Marshall and Moonen, 2002; Benton et al., 2003; Fahrig et al., 

2015; Landis, 2017; Harlio et al., 2019). Complexity and heterogeneity affect the 
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dynamics and structure of ecological communities by supporting species coexistence 

through increasing the range of niches, reducing niche overlap and increasing 

diversity (Levins, 1979; Huston and DeAngelis, 1994; Smith et al., 2014). 

Farming practices that improve habitat complexity and heterogeneity are 

encouraged to promote biodiversity, including genetic diversity within and between 

crop or livestock varieties (Benton et al 2003; Kremen and Miles, 2012). However, 

the impact of reduced heterogeneity on farmland biodiversity is poorly understood 

(Power et al., 2012; Lindsay et al., 2013; Fahrig et al., 2015), particularly when it 

results from different land management practices.  

This study aims to explore how agricultural practices that affect habitat 

complexity and heterogeneity may influence biodiversity and the ecosystem services  

in both a developing (e.g. Malaysia) and developed (e.g. United Kingdom) country. 

Protecting and maintaining non-crop features and crop diversity is important in all 

agricultural landscapes to enhance landscape heterogeneity, biodiversity values and 

associated ecosystem services (Fahrig et al., 2015; Harlio et al., 2019). However, the 

challenges faced by developed and developing agricultural systems are different. 

The UK has a long history of agricultural development and almost 72% of the 

total land area of the UK is agricultural land (~17.5 million hectares) (DEFRA, 2017). 

The dominance of agricultural land in the UK means that, agricultural landscapes 

need to play a role in both food production and nature conservation. However, in 

many developed agricultural systems like the UK, high agricultural productivity driven 

by intensification of agricultural practices has been at the expense of biodiversity and 

landscape heterogeneity. Policy initiatives such as the European Union Common 

Agricultural Policy attempt to improve farmland biodiversity by encouraging farmers 

to increase heterogeneity and complexity on their land. This is achieved by providing 

incentives in the form of agri-environment schemes that include landscape 

management interventions (e.g. introduction and maintenance of riparian buffer 

zones, hedgerows, woodlands) (Harlio et al., 2019).  

In developing countries, large-scale agricultural development has resulted in 

biodiverse habitat being converted to cropland. In Malaysia, rapid growth of the oil 

palm industry, has resulted in the conversion of large areas of complex forest in 

Southeast Asia, into large homogenous monocultures of oil palm (Comte et al., 2015). 
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Non-crop habitat such as remnant forest and riparian buffers is completely absent in 

most oil palm plantations (Chellaiah and Yule, 2018). The increase in farm size and 

associated reduction in non-crop habitat has resulted in a loss of habitat 

heterogeneity (Stoate et al., 2001). Thus, the challenge is, how to promote 

development by enhancing agricultural productivity and the livelihood of farmers 

without having an unacceptable impact on habitat heterogeneity, biodiversity and 

the ecosystem services they provide. 

 

1.2 From biodiversity to ecosystem services 

.ƛƻŘƛǾŜǊǎƛǘȅ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ǾŀǊƛŀōƛƭƛǘȅ ŀƳƻƴƎ ƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳǎ ŦǊƻƳ ŀƭƭ ǎƻǳǊŎŜǎ 

including, inter alia, terrestrial, marine and other aquatic ecosystems and the 

ecological complexes of which they are part; this includes diversity within species, 

ōŜǘǿŜŜƴ ǎǇŜŎƛŜǎ ŀƴŘ ƻŦ ŜŎƻǎȅǎǘŜƳǎέ ό/.5Σ нллрύΦ Lǘ Ƙŀǎ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ǊƻƭŜ ƛƴ 

regulating ecosystem functions that underpin numerous ecosystem services (MEA, 

2005). Ecosystem services are aspects of ecosystems utilized by people directly or 

indirectly to enhance well-being  and ecosystem services that have a market value 

(e.g. fish, vegetables, fruits) are sometimes referred as ecosystem goods (Fisher et 

al., 2009). Human well-being is defined by Millennium Ecosystem Assessment (2005) 

as having multiple constituents including basic material for life (adequate livelihood, 

clothing, accommodation, enough food and access to goods), health (healthy 

environmental condition and feeling well), good social relationships, security (human 

safety and secure from disaster), and freedom of choice and action (chance to 

achieve what an individual doing and being). Ecosystem services are derived from 

ŜŎƻǎȅǎǘŜƳ ŦǳƴŎǘƛƻƴǎΣ ǿƘƛŎƘ ŀǊŜ άǘƘŜ capacity of natural processes and components 

ǘƻ ǇǊƻǾƛŘŜ ƎƻƻŘǎ ŀƴŘ ǎŜǊǾƛŎŜǎ ǘƘŀǘ ǎŀǘƛǎŦȅ ƘǳƳŀƴ ƴŜŜŘǎέ όŘŜ DǊƻƻǘΣ мффнύΦ 

Ecosystem services and goods flow directly from biodiversity (Daily et al., 

1997). Enhanced biodiversity provides greater ecosystem productivity, increased 

variety of resources, multi-functionality and ecosystem stability (MEA, 2005; 

Cardinale et al., 2012; Mace et al., 2012). Biodiversity enhances ecosystem 

functioning and stability by improving the ability of an ecosystem to be resilient to 

changing environments (MEA, 2005; Cardinale et al., 2012). Resilience is a function 
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of the ability of an ecosystem to resist and recover from a perturbation. It is 

characterized by the stability of ecosystem processes and the speed with which they 

return to an equilibrium state following disturbance (Gunderson, 2000; Oliver et al., 

2015). How changes in biodiversity result in alterations of local ecosystems depends 

on the traits and number of species present (Downing and Leibold, 2002). Each 

species in an ecosystem has its own role and responds differently toward 

environmental change (Yachi and Loreau, 1999). Greater species diversity 

contributes to greater biomass production, ensures less competition over the same 

resource and promotes more diverse keystone species performing ecosystem 

functions for the provision of ecosystem services (Rosenfeld, 2002; Cleland, 2012; 

Cardinale et al., 2012). Diversity in functional traits, provides insurance against any 

possible event degrading ecosystem functions as there will be greater capacity to 

compensate for the loss of species, and to adapt to changing environments and 

perturbations (Yachi and Loreau, 1999; Cleland, 2012; Cardinale et al., 2012). There 

is evidence demonstrating how biodiversity loss influences the functioning of 

ecosystems and consequently the delivery of ecosystem services (Hooper et al., 

2005). For example, diversity in soil organisms such as bacteria and fungi are vital to 

the decomposition of organic matter, which is essential for crop production (Barrios, 

2007; Palm et al., 2014; Lehman et al., 2015). Higher pollinator diversity and 

abundance results in higher crop production and generates more income for 

producers (Hoehn et al., 2008; Rogers et al., 2014). Any loss of these crucial functions 

and services will have adverse impacts on human well-being. 

 

1.3 Agricultural intensification 

Land use change is the modification of land by humans for a desired purpose (Duadze 

2004; Khan and Ghouri, 2011) such as agriculture. Agriculture is a major cause of land 

use change and a vital economic force for both developed and developing countries 

(Kanianska, 2016). Agriculture expansion has been the primary cause of forest loss in 

the past 300 years (Foley et al., 2005), and globally, 50% of habitable land area is 

devoted to agriculture (Figure 1.1). Conversion of forest to agriculture is a particular 

concern in the tropics, where about 7 million hectares of forest is lost, and at least 6 
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million hectares of agricultural land is gained annually (FAO, 2016). Conversion of 

forest to agricultural land is driven by market forces,  high agricultural demands, 

economic development, increase population growth, introduction of new 

technologies and weak governance (FAO, 2016). Approximately, 2.5 billion people 

(32% of the total of global population) rely on agriculture for their livelihoods 

(Kanianska, 2016). 

Although agricultural activities can increase ecosystem services especially, 

food production, maximizing specific services can lead to the decline of other 

ecosystem service via ecosystem service trade-offs (Maskell et al., 2013). Raudsepp-

IŜŀǊƴŜ Ŝǘ ŀƭΦ όнлмлύ ǎǘŀǘŜŘΣ ά9ŎƻǎȅǎǘŜƳ ǎŜǊǾƛŎŜ ǘǊŀŘŜ-offs arise when the provision 

of one service is enhanced at the cost of reducing the provision of another service, 

and ecosystem service synergies arise when multiple services are enhanced 

simultaneousƭȅέΦ 

 

 
Figure 1.1 Global surface area land allocated for agricultural production in 2016. 
Source: FAO Statistics and OurWorldinData.org. 
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Agricultural production benefits from ecosystem services such as pollination, 

biological pest control, water provision and soil fertility (Bianchi et al., 2006; Kunast 

et al., 2013; Hicks et al., 2016; Lindgren et al., 2018) (Figure 1.2). These services 

depend on surrounding natural habitats that are segregated spatially or temporally 

from the place where the services are provided (Kremen et al., 2007). Increasing the 

distance between agricultural and natural habitats or increasing the loss of non-crop 

habitat from agricultural landscapes will reduce key ecosystem services especially 

pollination and biological pest control (Garibaldi et al., 2011; Carvell et al., 2015; 

Lindgren et al., 2018). Ecosystems are not benign and can have adverse impacts on 

human wellbeing, for example, via pests and diseases, climate change and  natural 

ƘŀȊŀǊŘǎ ǎǳŎƘ ŀǎ ŦƭƻƻŘǎΦ 9ŎƻǎȅǎǘŜƳ ŘƛǎǎŜǊǾƛŎŜǎ ƘŀǾŜ ōŜŜƴ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ŜŎƻǎȅǎǘŜƳ-

generated functions, processes and attributes that result in perceived or actual 

negative impacts on human well-ōŜƛƴƎέ ό{ƘŀŎƪƭŜǘƻƴ Ŝǘ ŀƭΦΣ нлмсύΦ ¢ƘŜ Ŧƭƻǿ ƻŦ 

ecosystem disservices in agricultural ecosystem can reduce agricultural productivity 

and increase the production cost (Zhang et al., 2007). Both ecosystem services and 

disservices to agriculture are provided by difference species at a range of spatial and 

temporal scales, and are mostly influenced by human activities (Zhang et al., 2007).  

Historically, agricultural landscapes were more heterogeneous, consisting of 

a patchwork of small fields close to large areas of natural habitat, mixed arable and 

livestock farming and the use of polyculture systems. Modern agricultural practices 

are associated with a move from small-scale farming to large-scale commercial 

operations, and the conversion of complex, multifunctional landscapes to 

fragmented, simple monocultures of a limited number of high yield crop varieties 

(Tilman, 1999; Guillaume et al., 2016; Barrios et al., 2018). Whereas commercial 

intensive agriculture has increased food production, as necessaǊȅ ǘƻ ŦŜŜŘ ǘƘŜ ǿƻǊƭŘΩǎ 

population, it has also been associated with a loss of biodiversity, loss of land 

functionality, and reduced provision of critical ecosystem services from and to 

agricultural landscape (Egler et al., 2012; Mercer et al., 2013; Landis, 2017). 
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Figure 1.2 Flow of ecosystem services and disservices to and from agriculture. 
Black solid arrows indicate services from natural habitat to agriculture whereas red 
solid arrows indicate services provided by agriculture. Black dashed arrow 
indicates ecosystem disservices from natural ecosystem to agriculture whereas red 
dashed arrow indicates ecosystem disservices from agriculture. Source:  adapted 
from Zhang et al. (2007). 
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1.3.1 Biodiversity loss 

Conversion of natural habitat to agricultural land causes a substantial decline in 

taxonomic and functional diversity, and a reduction in the abundance of key 

ecosystem service providers (Edwards et al., 2014). In intensive agricultural 

landscapes, the areas of natural habitat become smaller, cropped areas become 

more uniform, and several ecosystem functions and services will be lost due to a loss 

of biodiversity (Lindgren et al., 2018).  

Destruction of tropical forest for agriculture restricts the movement of 

wildlife by fragmenting the  habitat (CSPI, 2005). In Malaysia, Sumatran tiger, orang-

utans, Asian elephant, and Sumatran rhinoceros, which require large areas of forest 

to survive, are among the large mammals affected by habitat loss, habitat 

degradation and habitat fragmentation (CSPI, 2005).  

Several studies have reported the negative impacts of agricultural 

intensification on terrestrial (Klein et al., 2003; Öckinger and Smith, 2007; Kammerer 

et al., 2016; Lindgren et al., 2018) and aquatic ecosystems (Egler et al., 2012; Bertaso 

et al., 2015; Wang et al., 2019). Many terrestrial arthropods provide ecosystem 

functions that are beneficial to agricultural production (e.g. pest control, nutrient 

cycling, pollination). These soςcalled beneficial arthropods include Hymenoptera 

(wasps and ants) and Arachnida (spiders) which control pest species (e.g. aphids), 

and  Isopoda (woodlice) and Collembola (springtails) which important in 

decomposition process (Anbarashan and Gopalswamy, 2013). The most important 

consequences of biodiversity loss due to agricultural intensification are the 

disruption of pollination, pest management and seed predation (Farwig et al., 2009; 

Garbach et al., 2014). The risks of pest outbreak due to a lower presence of natural 

enemies, and crop failure due to a reduction in pollination is higher in homogenous 

agricultural landscapes (Klein et al., 2012; Landis, 2017). 

Pollination is one of the crucial ecosystem services for agricultural 

productivity (Kunast et al., 2013). Pollination can occur from abiotic forces such as 

wind and water, but many plants depend on animals to pollinate them (Calderone, 

2012). Most pollinators are insects of which bees are the most important, although 

there are also vertebrate pollinators including bats and birds (AAFC, 2014). Gallai et 



19 
 

al. (2009) stated, άǘƘŜ ǘƻǘŀƭ ŜŎƻƴƻƳƛŎ ǾŀƭǳŜ ƻŦ Ǉƻƭƭƛƴŀǘƛƻƴ ǿƻǊƭŘǿƛŘŜ ŀƳƻǳƴǘŜŘ ǘƻ 

ŀōƻǳǘ ϵмро ōƛƭƭƛƻƴΣ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘŜŘ фΦр҈ ƻŦ ǘƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ǿƻǊƭŘ ŀƎǊƛŎǳƭǘǳǊŀƭ 

ǇǊƻŘǳŎǘƛƻƴ ǳǎŜŘ ŦƻǊ ƘǳƳŀƴ ŦƻƻŘ ǇǊƻŘǳŎǘƛƻƴέΦ LƴǎŜŎǘ ǇƻƭƭƛƴŀǘƻǊǎ ƻŦ ǿƛƭŘ Ǉƭŀƴǘǎ ŀƴŘ 

agricultural crops are under threat globally (Vanbergen et al., 2013). Habitat loss due 

to agricultural intensification is known to cause declines in pollinator abundance 

(Bartomeus et al., 2014) due to habitat modification, and removal of food and nesting 

resources (Garibaldi et al., 2011; Vanbergen, 2013). Continuous loss and reduced 

abundance of pollinators will have an adverse economic (agriculture yield) and 

ecological effects (Vanbergen et al., 2013). 

Agricultural intensification resulting in the simplification of landscape 

composition and removal of natural habitat has favoured a number of pest species 

(Bianchi et al., 2006). Pest damage destroys at least 8% of global crop production 

(rice, wheat, soybean, potato etc) and is a major limiting factor for global food 

production (Oerke, 2006). The application of pesticides and herbicides used to 

control agricultural pests and weeds may actually increase pest and weed outbreaks 

by reducing the abundance of natural enemies and seed predators (Jonsson et al., 

2012; Pedlowski et al., 2012; Bommarco et al., 2013; Ricci et al., 2019). Seed 

predation and pest control services are enhanced by tree and shrub cover 

(Schakermann et al., 2014), and a higher diversity of carabids has been shown to 

result in higher predation of weed seeds (Jonason et al., 2013). Protecting natural 

habitats and improving the complexity of agricultural landscapes should therefore 

enhance important ecosystem services of pest and weed control, as well as 

pollination. 

 

1.3.2 Degradation of water quality 

Agriculture is highly dependent on water to produce food for the human population, 

and it is also a major contributor to poor water quality. About 1,800 ς 2,300 km3 of 

freshwater is  consumed (i.e. not returned to the watershed) annually (Foley et al., 

2005). Currently, the agriculture sector is the highest consumer of fresh water, 

accounting for approximately 70% of the global water use, although this may be 

higher in some arid regions (WWAP, 2014). Approximately 40% of global crop 



20 
 

production is supported by irrigation (Kadiresan and Khanal, 2018), influencing 

freshwater availability and quality (Garbach et al., 2014). In addition, most irrigated 

farmlands have become largely salinized and agricultural production requires the 

provision of clean water (Foley et al., 2005). 

Agricultural practices contribute to water pollution via inputs of nutrients, 

pesticides, sediments, salts, organic carbon, metals, pathogens and drug residues 

(FAO and IWMI, 2017). Water pollution from nutrients occurs when the application 

rate of fertilizers is greater than the rate at which nutrients are fixed by plants or 

bound in soil (FAO and IWMI, 2017). Excessive nutrients from agriculture 

contaminate adjacent aquatic ecosystems and coastal areas, causing  eutrophication 

of water bodies (Tilman, 1999; Smith et al., 2003; Withers et al., 2014). 

Eutrophication affects the ecology of aquatic ecosystems and the quality of water for 

human use (Pretty et al., 2003). 

 

1.3.3 Soil quality degradation 

Intensive agriculture contributes to soil compaction, contamination and erosion 

(Kanianska, 2016). The overuse of mechanization has caused serious soil compaction 

worldwide (Hamza and Anderson, 2005). Soil compaction causes soil particles to be 

compressed together, reducing water infiltration and nutrient uptake, thereby 

reducing crop yield (McKenzie, 2010). In addition, the utilization of fertilizers and 

pesticides has led to soil contamination (Kanianska, 2016). In agricultural areas, soil 

erosion and degradation are widespread, particularly during high rainfall events (Ali 

and Reineking, 2016). Soil quality degradation is a gradual process resulting in the 

land not being able to be cultivated effectively and hence abandoned (Gomiero, 

2016). Soil erosion affects agricultural production due to the loss of topsoil and 

eroded soil contaminates aquatic systems (Issaka and Ashraf, 2017). Soil sustains a 

large portion of terrestrial biodiversity, which have a direct and indirect impact on 

soil quality and hence agricultural output (Barrios, 2007). 
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1.4 Sustainable agricultural land management 

Agricultural intensification aimed at maximising food production can disrupt various 

ecosystem services (Power, 2010; Palm et al., 2014). Agricultural intensification has 

amplified the impact on climate change and increased the scarcity of natural 

resources (Mili and Martinez-Vega, 2019). Currently, many agricultural policies are 

moving towards sustainable agricultural practices to resolve the numerous 

environmental issues associated with intensive agriculture and to maximise the 

ŘŜƭƛǾŜǊȅ ƻŦ ŜŎƻǎȅǎǘŜƳ ǎŜǊǾƛŎŜǎΦ {ǳǎǘŀƛƴŀōƭŜ ŀƎǊƛŎǳƭǘǳǊŀƭ ǇǊŀŎǘƛŎŜǎ ƎƛǾŜ άŜǉǳŀƭ ǿŜƛƎƘǘ 

to environmental, society and economic concern, and must meet the needs of the 

present without compromising the ability of future generations to meet their own 

nŜŜŘǎέ ό{ƻƴƧŀ Ŝǘ ŀƭΦΣ нлммύΦ wŜǎƛƭƛŜƴǘ ŀƴŘ ǎǳǎǘŀƛƴŀōƭŜ ŀƎǊƛŎǳƭǘǳǊŀƭ ǎȅǎǘŜƳǎ ŀǊŜ 

required to support an increasing human population. A sustainable agricultural 

system will deliver essential ecosystem functions in the long term and be resilient to 

changes in the environment (Walker et al., 2004; Hodbod et al., 2016). 

Sustainable agricultural systems need to support reasonable household 

income and local economies; ensure food security and access to nutritious, safe and 

sufficient food provision; produce a variety of ecosystem services used in agricultural 

landscapes; reduce greenhouse gas emissions from agricultural practices; not 

compromise future agricultural productivity (Sabogal et al., 2013; Hodbod et al., 

2016). The sustainability of agricultural systems is promoted by habitat 

heterogeneity, including highly diversified crops interspersed with natural habitat, 

and the limited use of chemical inputs (Tscharntke et al., 2012; Cabrini et al., 2019). 

For example, if farmers aim for sustainable agriculture systems, they might plan to 

reduce herbicide and pesticide use and replace chemical with biological control. They 

may enhance biological control by providing habitat for beneficial arthropods, by   

increase habitat heterogeneity, by planting hedgerows and increasing non-crop 

habitat (e.g. riparian buffer). Diversifying crops will also reduce pest pressure.  
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1.4.1 Improving habitat complexity and heterogeneity 

1.4.1.1 Riparian buffer 

Greater habitat complexity aids species co-existence and mediates the effect of 

perturbation and predation through the provision of habitat refugee and more 

diverse food resources (Hasselquist et al., 2018). Increasing landscape complexity 

and heterogeneity by increasing non-crop habitat such as riparian buffers, has been 

positively associated with both crop productivity and ecosystem improvement 

(Tscharntke et al., 2005; Stutter et al., 2012; Horton et al., 2018).  

Riparian buffers have dynamic and complex environments that are beneficial 

to agricultural and natural ecosystems (Kauffman, 2001; Randhir and Ekness, 2013; 

Dindaroglu et al., 2015). It has been one of the most widely used interventions in 

agricultural  landscapes as they offering multiple functions including enhancing 

biodiversity, improving water quality and contributing to climate adaptation (Stutter 

et al., 2012). Different soil textures and a strong moisture gradient across the riparian 

area, plus high nutrient and organic matter content of the soil, promote the growth 

of a variety of plant species that provide habitat and food resources that attract and 

support a diverse fauna (NRCS, 2007; Gill et al., 2014; Cole et al., 2015; Sarneel et al., 

2016).  

Protecting and restoring riparian areas in agricultural landscapes can help 

enhance ecosystem services by providing habitat for ecosystem services providers 

(Garibaldi et al., 2019). Forested riparian buffers enhance habitat quality by providing 

shade, lowering stream temperature and improving dissolved oxygen content 

necessary for aquatic species (Hawes and Smith, 2005). High plant biomass in riparian 

buffers supply organic matter in the form of woody debris and create food resources 

and habitats for terrestrial insects and in-stream fauna (Barling and Moore, 1994; 

Parkyn, 2004). Riparian buffers may also act as wildlife corridors and increase pest 

control services by providing habitat necessary to support natural enemies (Stoffyn-

Egli and Willison, 2011; Blake et al., 2012). 

Riparian areas can provide important habitat for pollinators and increase crop 

production (Blaauw and Isaacs, 2012; Cole et al., 2015). For example, Klein et al. 

(2003) demonstrated, bee pollinators increased in areas adjacent to natural forest, 
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and this led to greater coffee fruit set. In oil palm plantations, decreasing populations 

of insect pollinators (Elaeidobius kamerunicus and Elaeidobius plagiatus) is 

frequently stated to be the cause to lower yield in seeds production (Tuo et al., 2011). 

Insect pollinators depend on a diversity of flowering plants for nectar and pollen 

throughout the season (Cole et al., 2015). Larger buffers (more than 5 m wide) have 

been shown to support the highest abundance of flowers and the greater densities 

of bumblebees and butterflies (Backman and Tiainen, 2002; Cole et al., 2015).  

 

1.4.1.2 Crop diversification  

Agricultural intensification is mainly focussed on increasing yield at the expense of 

crop diversity and biodiversity (Kremen et al., 2012; de la Fuente et al., 2014). Crop 

diversification (e.g. intercropping, polyculture) has been proposed as alternative 

farming practice to increase the agricultural mosaic to overcome some of the 

negative effects of agricultural intensification (Altieri, 1999; Benton et al., 2003; Burel 

et al., 2013). This farming system increases landscape heterogeneity by growing 

multiple crop species, which provide difference resources and support different 

fauna (Altieri, 1999; Kremen et al., 2012).  

Intercropping or polyculture is an efficient way to enhance crop output, as 

different crops can use more of the available resource, and one crop can facilitate 

the growth of another crop (Hauggaard-Nielsen and Jensen, 2005). For example, 

cereal crops intercropped with nitrogen fixing legumes produce higher yields than 

monocultures, hence, reducing the use of fertilizer (Vandermeer, 1992). 

Intercropping can improve the nutrient cycling efficiency of soil, especially in the 

tropics where  soil usually has low nutrient availability (Kremen and Miles, 2012). 

Banik et al. (2006) reported, intercropping suppressed weeds compared to 

monocultures. Intercropping also provides other benefits such as more diverse food 

resources and foraging sites, which attract more diverse natural enemies compare to 

monoculture system (Khan et al., 2000). 

Conservation of key ecosystem service providers (e.g. pollinators, 

decomposers, natural enemies) and wildlife habitat, and the creation of 

environmentally friendly management practices are central to optimizing ecosystem 
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service delivery and functions in agricultural landscapes (Tsiafouli et al., 2017). There 

is a need for better understanding and measurement of the consequences of 

agricultural practices on hydrological function, biodiversity and ecosystem services 

to assess the potential benefits of non-crop habitat and crop diversity. By 

understanding the influences of non-crop habitat, habitat complexity and 

heterogeneity within agricultural landscapes, better policy guidance can be 

developed to promote less environmentally damaging agricultural production 

systems and to provide more sustainable economic and environmental benefits for 

humans. 

 

1.5 Aim and objectives 

The main aim of this study was to investigate the effects of habitat complexity and 

agricultural practices on terrestrial and aquatic biodiversity. The central hypothesis 

being tested was that, increased heterogeneity and complexity is associated with 

greater terrestrial biodiversity, which enhances in-field ecosystem services. 

Increased habitat complexity is also predicted to reduce the movement of soil to 

adjacent water bodies and hence improve water quality and aquatic biodiversity. The 

research focus was on the effects of non-crop habitat (riparian buffers) and 

agricultural practice (intensive monoculture, less-intensive monoculture and 

polyculture) on in-field plants (vegetation pattern and structure), terrestrial 

invertebrates (abundance, richness and assemblage composition), and on the 

structure and functioning of  macroinvertebrates in adjacent water bodies.  

This study was structured around two case studies: arable crops in the UK and 

oil palm plantation in Malaysia. The UK case study was used as an example of a well-

developed agricultural system where the challenge was to reintroduce habitat 

heterogeneity (i.e. riparian buffers) into a highly productive and intensive agricultural 

system. The Malaysian case study was an example of small-holder farming in a 

developing agricultural system, where the challenge was to enhance crop production 

whilst either retaining existing habitat complexity (e.g. ground vegetation in less-

intensive monoculture) or enhancing heterogeneity via different cropping systems 

(i.e. polyculture). The case studies aimed to answer the following questions:  
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i) How does vegetation composition of riparian buffers affect terrestrial 

invertebrate assemblages in arable landscape? (UK case study) 

ii) How does vegetation composition of riparian buffers affect input of 

sediment, sediment-associated contaminants and aquatic 

macroinvertebrate assemblages in arable landscape (UK case study)? 

iii) How does polyculture and monoculture farming practices affect terrestrial 

invertebrate assemblages in oil palm landscape? (Malaysia case study) 

iv) How does polyculture and monoculture farming practices affect input of 

sediment, sediment-associated contaminants and aquatic 

macroinvertebrate assemblages in oil palm landscape? (Malaysia case 

study) 

 

The case study are described in Chapter 2. Chapters 3 and 4 describe research 

performed at the UK case study site. Chapter 3 considers the effects of riparian buffer 

vegetation structure on terrestrial invertebrates important in providing ecosystem 

services (pollination, pest control, decomposition), as well as on pest species. 

Chapter 4 considers the effects of the vegetation structure of riparian buffers on 

aquatic macroinvertebrates and their ecological functioning (i.e. collectors, 

shredders, scrapers and predator).  

Chapters 5 and 6 describe research performed on smallholding oil palm 

plantations in Malaysia. Chapter 5 considers the effects of different oil palm 

management practices (intensive monoculture, less-intensive monoculture and 

polyculture) on terrestrial invertebrates and their ecological functioning (i.e. 

herbivores, predators, detritivores). Chapter 6 considers the effects of different oil 

palm management practices (intensive monoculture, less-intensive monoculture and 

polyculture) on aquatic macroinvertebrate and their ecological functioning (i.e. 

collectors, shredders, scrapers and predator).  

Chapter 7 reviews the main findings and discusses the implications of 

agricultural intensification with sustainable agricultural practices and the role of non-

crop habitat in enhancing landscape complexity and heterogeneity for maximising 

ecosystem service delivery in agricultural landscapes. 
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CHAPTER 2 

Case Study 

 

The research project was structured around two cases studies of agricultural land 

use: arable crops in Leicestershire, United Kingdom and smallholding oil palm 

plantation in Selangor, Malaysia. The purpose of this chapter is to introduce the study 

systems and to describe the sampling design and methods used in each case study. 

 

2.1 United Kingdom 

2.1.1 Agriculture in the UK 

The total agricultural area in UK is approximately 17.5 million hectares, which covers 

almost 72% of UK total land area (DEFRA, 2017). The distribution of different type of 

farming; arable farming (crops), pastoral farming (livestock) and mixed farming 

(arable and pastoral together), is depending on the temperature, precipitation, soil 

type and relief (Barrow, 2014). Arable farming accounts for about 27% of the total 

agricultural land (i.e. 4.7 million hectares, DEFRA, 2017) and most arable farming 

occurs in England, where the average size of a farm is 85 hectares (DEFRA, 2018a). 

The main crops produced in the UK are wheat, barley, oilseed rape, oats, sugar beet 

and potatoes (DEFRA, 2017) and the total value of arable crop production is highest 

in the East of England region (£2.2 billion)  (DEFRA, 2018b). 

 

2.1.2 Water Friendly Farming (WFF) project 

The UK case study was undertaken in collaboration with the Water Friendly Farming 

(WFF) research project, based at Loddington in Leicestershire. Leicestershire is 

located within the East Midland regions where average farm size is about 100 

hectares (DEFRA, 2018a). The main crops grown in this region are wheat, oilseed 

rape, barley, field-grown vegetables and sugar beet (DEFRA, 2018a). Cereal crops 

account for 49% of the agricultural area (DEFRA, 2018a). 

The WFF research project is focused on the Eye Brook, Stonton Brook and 

Barkby Brook catchments (Figure 2.1), and aims to assess the effectiveness of 
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landscape-wide mitigation measures in reducing the impact of agricultural land use 

on freshwater ecosystems and the delivery of ecosystem services within agricultural 

landscape (Biggs et al., 2014). It is a collaboration between the Freshwater Habitat 

Trust and the Game & Wildlife Conservation Trust, supported by Syngenta, 

Environment Agency, Oxford Brookes University, University of York and University of 

Sheffield. Baseline data have been collected on water bodies (ponds, ditches and 

streams) in the study catchments since 2010. 

 

 
Figure 2.1 Location of 16 stream study sites in WFF project, Leicestershire. All sites 
are marked with number 1 - 16 as a site code (refer to Table 2.1). S in this figure 
refer to stream. The dotted lines represent catchment boundaries and land cover 
information is taken from Land Cover Map 2007. Different land use activity 
denoted by different value of colour coding. 
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The WFF study area is representative of lowland farming systems in the East 

Midlands and consists of grassland (41 - 52%), arable land (36 - 45%), woodland (7 - 

10%) and other land use (4 - 5%). Soils  are mostly heavy to medium clays, with some 

sandy outcrops, which are predominantly poorly draining. The main crops planted in 

the study area are winter wheat, oilseed rape, field beans and oats (Biggs et al, 2014). 

 

2.1.3 UK case study: Site selection 

Land use maps provided by the WFF project were used to identify suitable riparian 

buffer site adjacent to arable field within Eye Brook, Stonton Brook and Barkby Brook. 

A total of 16 stream sites in the WFF study area had previously been sampled for 

benthic macroinvertebrates by the Freshwater Habitats Trust (i.e. spring 2013 and 

2015). These formed the pool of sites from which the study sites were selected. Most 

streams in the study catchments have riparian buffers of varying widths, mainly 

installed under Stewardship agreements to improve landscape diversity and wildlife 

habitat (Biggs et al., 2014). Site visits was undertaken in March 2016 prior to finalise 

site selection, and obtain information on average stream width, average riparian 

buffer width, vegetation composition and crop type.  

The study streams ranged in width from 0.9 m to 3.8 m and although average 

stream width was greatest in Barkby Brook catchment and smallest in Eye Brook 

catchment, the differences were not statistically significant (One-way ANOVA: F2,13 = 

1.25, p> 0.05, Figure 2.2a).  

A total of 26 riparian buffers met the selection criteria: riparian buffer 

adjacent to arable fields located next to stream sampled for macroinvertebrates in 

both 2013 and 2015. Of the 26 riparian buffers selected,  5 were in the Eye Brook 

catchment, 14 in the Stonton Brook catchment and 7 in the Barkby Brook catchment. 

Average width of total riparian buffer ranged from 5.4 m to 89.4 m and, although 

average buffer width was greatest in Eye Brook catchment, there was no significant 

difference in riparian buffer width between catchments (One-way ANOVA: F2,23 = 

1.01, p> 0.05, Figure 2.2b). 
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Figure 2.2 Mean (±1SE) width  a) of 16 stream sites and b) of 26 riparian buffers 
across 3 catchments. 

 

All riparian buffer sites were labelled according to its respective stream site 

number. For stream sites having riparian buffers adjacent to arable fields in both 

sides banks (i.e. arable), the buffer was labelled either as left (L) or right (R) 

depending on the position when facing downstream (e.g. 1L, 1R). For stream sites 

having riparian buffers adjacent to arable fields on one bank, and grassland on the 

other bank (i.e. mix), the buffer was labelled as single (S) (i.e. 3S, 8S, 9S, 10S, 12S and 

14S), as only the riparian buffer adjacent to the arable field was sampled (Table 2.1). 

The main vegetation types in the riparian buffer zone were grass, forbs and 

woody plants, ŀƴŘ ŘƛǎǘƛƴŎǘ ōŀƴŘǎ ŎƻǳƭŘ ōŜ ƛŘŜƴǘƛŦƛŜŘ όCƛƎǳǊŜ нΦоύΦ ¢ƘŜ ΨƎǊŀǎǎΩ ōŀƴŘ ƻǊ 

graminoid consisted of grass-like plant from Poacea (grasses), Cyperaceae (sedges), 

Juncaceae (rushes), Juncaginaceae (arrow-grasses) and Isoetes (quillworts) families. 

¢ƘŜ ΨŦƻǊōΩ ōŀƴŘ ǿŀǎ ŘŜŦƛƴŜŘ ōȅ ŀƴȅ ƴƻƴ-grass vascular plants / non-graminoid 

herbaceous flowering plant without significant woody tissue above the ground (e.g. 

ŎƭƻǾŜǊΣ ǎǳƴŦƭƻǿŜǊύΦ ¢ƘŜ ΨǿƻƻŘȅΩ ōŀƴŘ ǿŀǎ ŘŜfined by perennial woody plants and 

consisted of shrubs and trees. Vegetation composition in each riparian buffer band 

was classified according to the dominant type of vegetation present (i.e. more than 

50%). For example, if more than 50% of grass species were presence, the vegetation 

band would be recorded as grass band. 

 

 

a) b) 
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Table 2.1 Description and location of stream and riparian buffer sites used in the 
UK case study; L = left, R = right, S = single buffer, G = grass, F = forbs and W = 
woody. 

Stream 
catchment 

Stream 
site 

Riparian 
buffer site 

Land 
type 

Crop type Buffer 
type 

Grid reference 

Eye  1 1L Arable Field 
bean 

GFW SK 75002 04197 

Brook 1 1R Arable Wheat FW SK 75002 04197 
 2 2L Arable Wheat FW SK 74824 04150 
 2 2R Arable Wheat FW SK 74824 04150 
 3 3S Mix Wheat GFW SK 74662 04626 

Stonton  4 4L Arable Wheat FW SK 74846 00046 
Brook 4 4R Arable Wheat GF SK 74846 00046 

 5 5L Arable Wheat GFW SK 74775 00253 
 5 5R Arable Wheat GF SK 74775 00253 
 6 6L Arable Wheat GFW SK 74687 00341 
 6 6R Arable Wheat GF SK 74687 00341 
 7 7L Arable Wheat GFW SK 74354 00483 
 7 7R Arable Wheat GFW SK 74354 00483 
 8 8S Mix Wheat FW SK 74786 00906 
 9 9S Mix Wheat GFW SK 73630 01149 
 10 10S Mix Wheat GFW SK 73987 00968 
 11 11L Arable Wheat FW SK 74624 01051 
 11 11R Arable Wheat FW SK 74624 01051 
 12 12S Mix Wheat GF SK 74287 00537 

Barkby  13 13L Arable Wheat GFW SK 74846 00046 
Brook 13 13R Arable Wheat GFW SK 74846 00046 

 14 14S Mix Wheat FW SK 71053 06015 
 15 15L Arable Wheat FW SK 71538 05748 
 15 15R Arable Field 

bean 
FW SK 71538 05748 

 16 16L Arable Wheat FW SK 69467 07476 
 16 16R Arable Wheat FW SK 69467 07476 

 

Of the 26 riparian buffers selected for the UK case study, 10 contained all 

three vegetation types (i.e. grass, forbs and woody, GFW buffer), 12 sites consisted 

ƻŦ ΨŦƻǊōΩ ŀƴŘ ΨǿƻƻŘȅΩ ƻƴƭȅ όC² ōǳŦŦŜǊύ ŀƴŘ п ǎƛǘŜǎ ŎƻƴǎƛǎǘŜŘ ƻŦ ΨƎǊŀǎǎΩ ŀƴŘ ΨŦƻǊōǎΩ ƻƴƭȅ 

(GF buffer). There was a significant difference in average width of forbs (One-way 

ANOVA: F2,23 = 3.76, p< 0.05), but not for grass (F2,11 = 1.48, p> 0.05) and woody band 

(F2,19 = 0.35, p> 0.05) across all catchments. Eye Brook sites showed the highest 

average width of forbs band (Figure 2.4). Differences in vegetation structure creates 

a unique environmental condition as well as it width (Clinton et al., 2010; Ramey and 

Richardson, 2017). Observed response in both terrestrial and aquatic invertebrate 
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are used to examine the impact of each vegetation structure and its width. Examples 

of study sites used are illustrated in Figure 2.5. 

 

 

Figure 2.3 Vegetation type presence in the riparian buffers in the UK case study area. 
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Figure 2.4 Mean (±1SE) of a) grass band width (m), b) forbs band width (m) and c) 
woody band width (m) across all 3 catchments. Means having different letter are 
significantly different (Tukey test p< 0.05). 

 

 

 

 

 

 

 

 

 

 

 

a) 

c) 

b) 
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Figure 2.5 Photographs of some study sites from July/August 2016; a) stream site 
7, b) wheat in site 7L, c) buffer type with grass, forbs and woody band (site 6L), d) 
buffer type with grass and forbs only (site 6R), e) buffer type with forb and woody 
(site 8S) and f) sediment movement trap (site 2R). 

 

 

 

 

 

 

a) b) 

c) d) 

e) f) 



34 
 

2.1.4 Sampling design 

To evaluate the effect of riparian buffer structure and floral composition on 

terrestrial invertebrates and aquatic macroinvertebrate, each buffer was surveyed 

for its terrestrial plants (vegetation survey method), aerial insects (pollinator 

monitoring survey), ground-dwelling invertebrates (pitfall trap method), vegetation-

associated invertebrates (sweep-netting method) and soil sampling (using Astro-turf 

mats). Vegetation surveys and terrestrial invertebrates samplings were conducted in 

summer 2016 (July - August) and soil sampling was performed in winter 2016/2017 

(December - February). 

A section of buffer, 20.25 m long and running from the edge of the crop to 

the stream bank, was marked out as the study area at each site. Each buffer was 

divided into the main vegetation types present (grass, forbs or woody) and three 

transects were established across the vegetation bands, each 6.75 m apart (Figure 

2.6). The width of each vegetation band was recorded along each transect. 

 

 
Figure 2.6 Schematic diagram showing the location of pitfall traps (red circle), 0.25 
m x 0.25 m Astro turf mats (black square), 0.5 m x 0.5 m vegetation survey (red 
triangle), and pollinator monitoring and sweep net routes (green rectangle), blue 
(stream) and yellow (arable land). 
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2.1.4.1 Vegetation survey 

The vegetation survey was carried out prior to sampling of the terrestrial 

invertebrates. Survey was conducted along each transect and within each vegetation 

band using 0.50 m x 0.50 m quadrats (i.e. 3 quadrats per band, up to 3 bands per 

site). Vegetation ground cover, vegetation height and occurrence of plants species 

(i.e. presence-absence data) were recorded during the survey. Further details are 

provided in Chapter 3 (section 3.2.2). 

 

2.1.4.2 Terrestrial invertebrates 

Terrestrial invertebrates were sampled using sweep nets (28-gauge Terylene 

material, 60 cm diameter of frame aperture and 60 cm long aluminium handle)  and 

pitfall traps (8 cm diameter clear plastic cup) whereas pollinator monitoring was done 

via visual surveys. Pollinator monitoring and sweep net samples were undertaken in 

grass and forb bands only, while pitfall traps were deployed in all vegetation bands 

present. Three pitfall traps were established in each vegetation band and the routes 

used for sweep netting and pollinator monitoring are illustrated in Figure 2.6. Further 

details are provided in Chapter 3 (section 3.2.3). 

 

2.1.4.3 Soil movement 

Soil movement across all riparian buffers was sampled using Astro turf mat traps 

(0.25 m x 0.25 m). Astro turf mat was used to measure soil input and composition. 

Astro turf mat was chosen because of: (a) their pliability on irregular surface; (b) they 

are robust and light; (c) their surface roughness reduces sediment removal by rainfall 

and flooding, and (d) it is possible to recover all the deposited sediment (Steiger et 

al., 2003). In each vegetation band, three pre-weight Astro turf mats were installed 

parallel to the stream at three locations: upslope, middle slope and downslope 

following the direction of overland water flow. The mats were evenly distributed 

within the transect lines and up to 27 mats were deployed per site (3 vegetation 

bands x 3 locations x 3 replicates) (Figure 2.6). Mats were deployed in mid-December 

2016 and retrieved at the end of February 2017. Further details are provided in 

Chapter 4 (section 4.2.1.1). 
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2.2 Malaysia 

2.2.1 Agricultural in Malaysia 

Agriculture is central to poverty reduction and improved economic growth among 

farmers and agro-based industries in rural Malaysia. The agricultural sector employs 

almost 1.5 million of people (Rabu et al., 2016) and Malaysia is one of the main 

producers and exporters of oil palm, cocoa and rubber (Rinehart, 2014). Malaysia is 

the second largest producer of oil palm globally and oil palm is the main contributor 

to economic growth in the agricultural sector,  covering about 5.81 million hectares 

and having a total revenue of US$19.1 billion in 2017 (MPOB, 2018). Private estates 

account for approximately 61% of the oil palm industry with smallholders accounting 

ŦƻǊ ǘƘŜ ƻǘƘŜǊ оф҈ όath.Σ нлмуύΦ {ƳŀƭƭƘƻƭŘŜǊǎ ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ άŦŀƳƛƭȅ-based 

ŜƴǘŜǊǇǊƛǎŜǎ ǇǊƻŘǳŎƛƴƎ ǇŀƭƳ ƻƛƭ ŦǊƻƳ ƭŜǎǎ ǘƘŀƴ рл Ƙŀ ƻŦ ƭŀƴŘέ ōȅ wƻǳƴŘǘŀōƭŜ ƻƴ 

Sustainable Palm Oil (RSPO). Oil palm requires temǇŜǊŀǘǳǊŜǎ ǊŀƴƎƛƴƎ ŦǊƻƳ нрɕ/ - олɕ/ 

and uniform rainfall distribution around 2,000 mm per year to grow (Basiron, 2007). 

It is suited to tropical humid regions such as Malaysia where rain occurs most of the 

time and days are sunny and bright (Zainal et al., 2012).  

 Oil palm is one of the most productive type of intensive agriculture in tropical 

regions (Gray et al., 2015). Its high productivity and potential alternative as a biofuel 

have resulted in it being the most profitable oilseed crop globally (UNEP, 2011). Oil 

palms can produce two different types of oil; palm oil (from mesocarp) and palm 

kernel oil (from oil palm kernel) (Basiron and Weng, 2004). Palm oil has the highest 

yield among other global oil seed crops (e.g. soybean oil, rapeseed oil, cottonseed 

oil, sunflower oil) with an average of 3 to 4 tonnes of mesocarp oil per hectare (Wahid 

et al., 2005). The main use of palm oil is in food production where it is the primary 

ingredient in vegetable cooking oil and margarine. Palm kernel oil is used in the 

production of non-food products such as soap, shampoo, detergent, toiletries and 

candles (Dian et al., 2017). Palm oils are also used in biofuels, cosmetics, 

pharmaceutical and other consumer products (Shimizu and Desrochers, 2012). Rapid 

growth of the oil palm industry, especially in Indonesia and Malaysia, has resulted in 

a conversion of large areas of forest in Southeast Asia into oil palm plantations 

(Comte et al., 2015). The total area of oil palm plantations in Malaysia is expected to 
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increase due to increasing human population driving an increasing global demand for 

oils and fats (Figure 2.7). 

 

 
Figure 2.7 Oil palm plantation area in Malaysia (1920-2018). Source: MPOB, 
Malaysian Oil Palm Statistics. 

 

Increased land use for oil palm production is mainly a response to the 

ƎƻǾŜǊƴƳŜƴǘΩǎ ǇƻƭƛŎȅ ƻƴ crop expansion for economic revenue (May, 2012). The 

economic potential of oil palm in Malaysia was established in the 1960s as a method 

to eradicate poverty (May, 2012). The establishment of smallholding schemes by the 

Federal Land Development Authority (FELDA) was aimed to diversify the agriculture 

sector in Malaysia, reduce poverty and help landless families (Abazue et al., 2015). In 

the FELDA smallholding scheme, all participants were given a 4-hectare plot and 

provided with financial support, advice and technical guidance (Abazue et al., 2015). 

FELDA also provide a market for the oil palm, and in return, all the participants of 

C9[5!Ωǎ ǎŎƘŜƳŜΣ ƴŜŜŘ ǘƻ ǿƻǊƪ ƻƴ ǘƘŜ ƭŀƴŘ ƎƛǾŜƴ ǊŀǘƘŜǊ ǘƘŀƴ ǎŜƭŜŎǘƛƴƎ ǘƘŜ ƭŀƴŘ ǘƘŜȅ 

work.  

Smallholding oil palm plantations in Malaysia are grouped into two 

categories; i) schemed/associated smallholder and ii) independent. 

Schemed/associated smallholders are usually given a piece of land and provided with 

government incentives and advice on the best management practices such as the use 

of higher-yielding varieties and the most efficient use of chemical applications 
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(Basiron, 2007; Barau and Said, 2016). They are bound by contract and directly 

ǎǳǇŜǊǾƛǎŜŘ ōȅ ǘƘŜ ǎŎƘŜƳŜΩǎ ƳŀƴŀƎŜǊΦ ¢ƘŜȅ Řƻ ƴƻǘ ƘŀǾŜ ŀƴȅ ŎƘƻƛŎŜ ƛƴ ǘƘŜ ǘȅǇŜǎ ƻŦ 

crop to be grown. In contrast, independent smallholders operate with minimum 

assistance from the government, organisations or private companies and have more 

freedom on choosing types of crop to be grown (von Geibler, 2013; Saadun et al., 

2018). They able to sell their harvested oil palm to any mill and therefore might be 

able to obtain higher prices (von Geibler, 2013; Saadun et al., 2018). 

Despite of the high contribution of the oil palm industry to economic 

development, the industry is criticised for its negative environmental impact 

including greenhouse gas emissions (methane, nitrous oxide and carbon dioxide from 

palm oil mill effluent), water pollution, air pollution and reducing biodiversity 

through natural habitat destruction  (Savilaakso et al., 2014; Saswattecha et al., 

2015). Approximately, 7 million hectares of tropical forest were lost per year from 

2000 to 2010 to support the oil palm industry (FAO, 2016). Sustainable agriculture 

management is the most promising option to enhance biodiversity on this existing 

agricultural land (FAO, 2016). Some palm oil certification schemes have been 

developed such as Roundtable on Sustainable Palm Oil (RSPO), Indonesia Sustainable 

Palm Oil (ISPO), Malaysia Sustainable Palm Oil (MSPO) and Good Agriculture Practice 

(GAP) to improve agricultural practices and as a guide for more environmentally 

friendly oil palm (Mukherjee and Sovacool, 2014; Azhar et al., 2017; Saadun et al., 

2018).  

Most schemes present benefits to the producers in the form of premium price 

on the market and have access to the global demand, but at the same time compel 

them to protect the environment and conserve biodiversity (Saadun et al., 2018). 

However, most of the independent smallholders were left out from the palm oil 

certification schemes such as RSPO due to high fees and stringent technical 

guidelines to be fulfilled (Saadun et al., 2018). According to RSPO, in 2018, only 9% 

oil palm areas are smallholding RSPO certified sustainable from total of 3.7 million 

hectares existing worldwide. This 9% is made up of many schemed smallholders 

(independent= 18,905 hectares; schemed= 292,857 hectares). 
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2.2.2 Independent smallholding oil palm in Selangor  

Selangor is one of the thirteen states forming the Federation of Malaysia. It covers 

an area of about 8,000 km2 and it is the wealthiest state in Malaysia, contributing to 

38% of the national GDP (Olaniyi et al., 2012; Hwok-Aun, 2018). Selangor state was 

the first location of a commercial oil palm plantation in Malaysia (Tennamaram 

Estate), which was established in 1917 by Fauconnier (Hai, 2002). The main 

ŀƎǊƛŎǳƭǘǳǊŀƭ ŀŎǘƛǾƛǘƛŜǎ ǘƘŀǘ ŎƻƴǘǊƛōǳǘŜ ǘƻ {ŜƭŀƴƎƻǊΩǎ ŜŎƻƴƻƳƛŎ ŘŜǾŜlopment are oil 

palm, rubber plantations and paddy fields, which are centred in the rural areas of 

Selangor district such as Sabak  Bernam, Kuala Selangor, Hulu Selangor, Kuala Langat  

Sepang (JPBDS, 2015; Figure 2.8). Currently, Selangor has approximately 136,361 

hectares of oil palm plantation producing 0.52 million tonnes of crude palm oil 

contributing about 2.7% of the national production (19.5 million tonnes) (MPOB, 

2018). Approximately, 62% of the production comes from private estates, 26% from 

independent smallholders and 12% from schemed/associated smallholder (JPBDS, 

2015). 

 The Malaysia case study was focused on independent smallholding oil palm 

plantations along Sungai Besar and Sekinchan within Sabak Bernam District, Selangor 

(Figure 2.9). The study area is located in the north-west of Selangor coastal area and 

mostly has a clay soil. The main water resource essential for agricultural is the 

Bernam River. 
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Figure 2.8 aŀǇ ƻŦ {ŜƭŀƴƎƻǊΩǎ ŘƛǎǘǊƛŎǘǎΦ {ƻǳǊŎŜΥ aŀƧƭƛǎ Řŀƴ tŜƧŀōŀǘ 5ŀŜǊŀƘ {ŜƭŀƴƎƻǊΦ 
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Figure 2.9 Land cover map comprises of study sites in Malaysia. Black triangular in 
this figure is marked as polyculture, red triangular is marked as intensive 
monoculture, and blue triangular is marked as less-intensive monoculture. All sites 
are numbered from 1-7 (each oil palm management has 7 sites). Blue is refer to 
the sea (Straits of Malacca). Dark green is refer to forest fragment. Light green is 
refer to agricultural area. 
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Sabak Bernam District accounts for about 11,737 hectares (5.3%) of oil palm 

plantation and is among the smallest oil palm area in Selangor (JPBDS, 2015). 

However, it produces 19.93 tonnes of oil palm/hectare/year, which is more than the 

average oil palm yield in Peninsular Malaysia (17.91 tonnes of oil palm/hectare/year) 

(JPBDS, 2015). Most of the landowners in the case study area were independent 

smallholders and there were three type of oil palm management practice; intensive 

monoculture, less-intensive monoculture and polyculture.  

Intensive monoculture oil palm was characterized by the regular application 

of fertilizer and herbicide (three times a year in April, August and December) 

meanwhile less-intensive monoculture oil palm was characterized by the non-regular 

application of fertilizer and herbicide due to financial constraints. Most of the 

monoculture oil palm plantations (both intensive and less-intensive) were managed 

by Ridzuan Berkat Oil Palm Trader Company and directly instructed by the 

landowners. Polyculture oil palm was characterized by the regular application 

fertilizer and herbicide (three times a year in April, August and December) and having 

other crops together within the plots (e.g. banana, jackfruit, cassava, coconut and 

sugar cane). Polyculture oil palm was managed by the landowner themselves. Across 

the study area, most of the smallholding oil palm plantation presence were intensive 

and less-intensive monoculture, and few of them were polyculture. 

 

2.2.3 Malaysia case study: Site selection 

Twenty-one smallholder plots, each of 0.81 hectare (approximately 95 m long x 90 m 

wide) were selected using google maps and confirmed through field visit in February 

2016 and August 2017 (Table 2.2). Criteria for site selection were: i) similar plot size 

across all sites; ii) presence of polyculture oil palm with regular application of 

fertilizer and herbicide; iii) presence of monocrop oil palm with regular cover crop 

removal routines, fertilizer and herbicide application (intensive monoculture oil 

palm); iv) presence of monocrop oil palm with non-regular crop removal routine, 

fertilizer and herbicide application (less-intensive monoculture oil palm); v) 

independent smallholding oil palm plantation. 
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Table 2.2 Fertilizer and herbicides routines appliances across 21 sites. All sites were 
independent smallholding plantation with 0.81 hectare of land each.  
Site Management 

Type 
Fertilizer 

routine/year 
Herbicide 

appliance/year 
Age of oil 

palm 
(years) 

Latitude Longitude 

I1 Intensive Thrice Thrice 4 ς 
10  

3.603749 101.050913 

I2 Intensive Thrice Thrice 5 ς 
10  

3.603417 101.051263 

I3 Intensive Thrice Thrice 3 ς 7  3.609831 101.0499 

I4 Intensive Thrice Thrice 10 ς 
12 

3.607127 101.056961 

I5 Intensive Thrice Thrice 12 3.606683 101.057121 

I6 Intensive Thrice Thrice 12 3.607461 101.056988 

I7 Intensive Thrice Thrice 12 3.616383 101.054304 

LI1 Less-intensive Usually once Usually once 4 ς 
15  

3.613127 101.05536 

LI2 Less-intensive Usually once Usually once 10 3.610015 101.056047 

LI3 Less-intensive Usually once Usually once 12 3.6055 101.057766 

LI4 Less-intensive Usually once Usually once 15 3.604594 101.058067 

LI5 Less-intensive Usually once Usually once 14 3.603941 101.058285 

LI6 Less-intensive Usually once Usually once 17 3.604038 101.053738 

LI7 Less-intensive Usually once Usually once 5 ς 
15 

3.610038 101.050407 

P1 Polyculture Thrice Thrice 3 ς 
10 

3.536788 101.08139 

P2 Polyculture Thrice Thrice 4 ς 6 3.536433 101.08185 

P3 Polyculture Thrice Thrice 4 3.556213 101.074454 

P4 Polyculture Thrice Thrice 4 3.590271 101.073579 

P5 Polyculture Thrice Thrice 4 3.586405 101.074787 

P6 Polyculture Thrice Thrice 4 3.585871 101.074617 

P7 Polyculture Thrice Thrice 3 3.580194 101.074857 

 

Fourteen monoculture plots (7 intensive, 7 less intensive) and seven 

polyculture plots were identified, some of which are illustrated in Figure 2.10. Most 

of the waterbodies present in the study area were small ditches (separation ditch) 

which separate the oil palm plots and drain into larger drainage ditches. These small 

ditches were sampled for water, sediment and aquatic macroinvertebrates.  
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Figure 2.10 Photographs of some study sites; a) intensive monoculture (site I4), b) 
less-intensive monoculture (site LI2), c) polyculture (site P4), d) polyculture (site 
P2) and e) sampling ditch in site I5. 

 

The study ditches ranged in width from 1 m ς 2.5 m and the field margin width 

(i.e. edge of crop to edge of plot) ranged from 0.7 m to 4.5 m across all 21 study plots. 

There was no significant difference between management type and ditch width and 

field margin width (One-way ANOVA: F2,18 Җ мΦфпΣ ǇҔ лΦлрύΦ 

a) b) 

c) 
d) 

e) 



45 
 

The study plots were near the coast and the main drainage ditches were tidal. 

The ditch water level across study sites ranged from 0.12 m ς 0.53 m in low tide event 

and 0.12 m ς 0.54 m in high tide event. Intensive management showed a significant 

tidal effect event (Pair t-test: T6 = 3.63, p< 0.05), but not for less-intensive 

monoculture and polyculture (T6 Җ нΦпмΣ ǇҔ лΦлрύΦ 5ǳǊƛƴƎ ƭƻǿ ǘƛŘŜΣ ƛƴǘŜƴǎƛǾŜ 

monoculture showed the highest water level, meanwhile, during high tide, less-

intensive monoculture showed the highest water level (Figure 2.11). Tidal event 

contribute to higher wave power, and hence variability in wave energy flux and water 

level (Guillou, 2017). 

 

  

 
Figure 2.11 Mean (±1SE) of a) ditch water level during high tide (black bar) and low 
tide (white bar), b) ditch width and c) field margin width for each  land 
management types. Means having different letter are significantly different (Tukey 
test p< 0.05). 
 

 

a) 

c) 

b) 
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2.2.4 Sampling design 

The long edge of each 0.81-hectare oil palm study plot was bordered by a separation 

ditch, which discharged into a larger ditch. The study plot, which measured 20.25 m 

along the separation ditch and extended 20 m into the plot, was divided into 3 

transects each 6.75 m apart (Figure 2.12). The impact of different land management 

practices in independent smallholding oil palm plantations on freshwater and 

terrestrial ecosystems was assessed by conducting vegetation surveys, and samplings 

aquatic macroinvertebrates, terrestrial invertebrates, soil, sediment and ditch water. 

Astro-turf mats were installed for assessment of soil movement. Terrestrial 

invertebrates, aquatic macroinvertebrates and water samples were collected on two 

occasions: during the dry season (August - September 2017) and the during wet 

season (November to December 2017). Astro-turf mats (0.25 m x 0.25 m) were 

installed in August 2017 and removed in December 2017. Vegetation surveys and the 

collection of topsoil and ditch bed sediment occurred once in October 2017. 

 

Figure 2.12 Schematic diagram showing the location of: 1 m x 1 m vegetation 
survey plots (white square); pitfall traps (black circle); sweep net route (red double 
arrowed line); 0.25m x 0.25m Astro turf mats (black squares); aquatic 
macroinvertebrate sampling, separation ditch sediment sampling and water 
quality parameter measurement using YSI meter (red triangles); water sampling 
point for TSS, nitrate, ammoniacal nitrogen and orthophosphate (red circle); 
topsoil samples (yellow diamonds), study plot ditch (pale blue), dark blue (stream 
outlet where the separation ditch flows), field margin (green rectangle) and inside 
oil palm plantation (i.e. crop area, pale brown). 
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2.2.4.1 Terrestrial invertebrates 

Terrestrial invertebrates were sampled using sweep netting and pitfall traps method. 

A total of 12 pitfall traps (8 cm diameter clear plastics cup) were installed at each 

study plot in 4 rows at: (a) plot margin; (b) at the beginning of the crop area (end of 

the field margin); (c) 10 m into the crop area; (d) 20m into the crop area. There were 

three pitfall traps per row, each approximately 9 m apart. Sweep netting (28-gauge 

Terylene material, 60 cm diameter of frame aperture and 60 cm long aluminium 

handle) was conducted in the middle of field margin and 10 m into the crop area as 

illustrated in Figure 2.12. Further details are provided in Chapter 5 (section 5.2.2). 

 

2.2.4.2 Vegetation survey 

A survey of the understory vegetation at each study plot was conducted once in 

October 2017 with the help of a botanical researcher from Forest Research Institute 

Malaysia (FRIM). Vegetation was surveyed using 1 m x 1 m quadrats at each site 

(Figure 2.12) and data was collected on vegetation ground cover, vegetation height 

and occurrence of plant species (i.e. presence-absence data). Further details are 

provided in Chapter 5 (section 5.2.3). 

 

2.2.4.3 Soil movement 

Soil movement across the plot was sampled using traps made from Astro turf (0.25m 

x 0.25 m). Pre-weight mats were deployed in each study plot. Three Astro turf mats 

were installed in each of three transect sections (1, 2 and 3) in the field margin and a 

further three mats were installed in each of three transect sections inside the oil palm 

plot (Figure 2.12). In total, 18 mats were installed. Further details are provided in 

Chapter 6 (section 6.2.2). 

 

2.2.4.4 Sampling of topsoil and ditch sediment 

Topsoil samples (0-20 cm depth) were obtained using a trowel. Samples were 

collected at three points in the field margin and three points within the first 20 m of 

the crop area (Figure 2.12). Ditch sediment samples were obtained from three points 

along the separation ditch by jabbing the sediment using a pond net (1-mm mesh 
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hand-net, frame 0.26 m x 0.30 m), containing a plastic beaker (diameter: 0.35 m)  to 

prevent loss of sediment particles less than 1-mm. Further details are provided in 

Chapter 6 (section 6.2.3). 

 

2.2.4.5 Water quality 

A YSI meter Professional Plus was used to measure pH and Total Dissolved Solids 

(TDS) and dissolved oxygen (DO) at each plot ditch during the dry (September 2017) 

and the wet season (November 2017). At the same time, a water sample was 

collected from each ditch using a 1L Fisher HDPE bottle and stored at -18°C prior to 

analysis. Water samples were analysed for Total Suspended Solids (TSS), 

orthophosphate, nitrate and ammoniacal nitrogen. Further details are provided in 

Chapter 6 (section 6.2.4). 

 

2.2.4.6 Aquatic macroinvertebrate 

A pond net (1-mm mesh hand-net, frame 0.26 m x 0.30 m) was used to sample 

aquatic macroinvertebrates by using a jabbing motion and sweeping vegetation for 

approximately 1 minute in each of 3 sampling points within the study ditch. Further 

details are provided in Chapter 6 (section 6.2.5). 
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CHAPTER 3 

How does vegetation composition of riparian buffers affect 

terrestrial invertebrate assemblages in arable landscape? 

 

3.1 Introduction 

A riparian buffer is a transitional area composed of uncultivated vegetation between 

terrestrial and aquatic ecosystems (NRC, 2002; Borin et al., 2010; Zaimes et al., 2010; 

Tiwari et al., 2016). Riparian buffers are complex, having characteristics of both 

terrestrial and aquatic ecosystems, high disturbance rates (e.g. flooding, soil erosion, 

debris input), strong moisture gradient, high microhabitat diversity, large 

microclimate gradient, high nutrient and organic matter content of soil, which 

creates unique environmental conditions and high biodiversity (Naiman et al., 1993; 

NRCS, 2007; Rykken et al., 2007; Zaimes et al., 2007; Sarneel et al., 2016; Ramey and 

Richardson, 2017). Riparian buffers are located next to rivers or streams and are 

comprised of a range of vegetation types including grass, forbs and woody 

vegetation. They can be established naturally or sown with grass, wildflowers, shrubs 

and trees (Agouridis et al., 2010). They provide a number of niches and habitat of 

flora and fauna (Herzog, 2000) and benefit in term of biodiversity enhancement 

(Stutter et al., 2019).  

Riparian buffers are particularly important for invertebrates that have stage-

specific habitat requirements that include both aquatic and terrestrial life stages (e.g. 

Odonata, Ephemeroptera, Chironomidae, Plecoptera and Trichoptera), but are also 

important for wholly terrestrial species that deliver important ecological functions 

(e.g. pollinators, natural enemies and detritivores) (Briers and Gee, 2004; Remsburg, 

2011; Renner et al., 2018). Pollinators are essential for some plants to reproduce, 

and produce fruits and seeds (Kunast et al., 2013), natural enemies help to control 

crop pest populations (Basri et al., 1995), and detritivores contribute to nutrient 

cycling processes that are essential for soil fertility and quality (Paoletti et al., 2007). 

Maintaining a diversity of these functional groups is crucial for agricultural 

productivity, resilience and sustainability (Paoletti et al., 2007; Lindgren et al., 2018). 
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The composition of these terrestrial invertebrate assemblages, and the magnitude of 

the benefits delivered are dependent on the management, size, composition and 

structure of the vegetation present in the riparian buffer (NRC, 2002; Hackett and 

Lawrence, 2014).  

Reducing riparian buffers quality has been associated with loss of habitat 

heterogeneity and biodiversity (Stoate et al., 2001; Albrecht et al., 2012; Cole et al., 

2017). Degraded habitat quality is linked to a decrease in the complexity of 

vegetation structure and in vegetation composition and to a loss of flower-rich 

habitat (Klein et al., 2003; Newbold et al., 2015). Enhancing riparian buffer size, 

composition and structure often results in higher ecological function and 

multifunctionality (NRC, 2002; Hodbod et al., 2016). Studies have reported that wider 

riparian buffer support a greater diversity of pollinators (Cole et al., 2015; Braun et 

al., 2018) and increase biological pest control (Thies and Tscharntke, 1999). Riparian 

buffers less than 5 m wide show reduced richness of detritivores (Braun et al., 2018) 

and 5 m wide buffer strips have been shown to support a greater diversity of 

pollinators (bumblebees and butterflies) than 3.5 m wide buffer strips (Cole et al., 

2015; Braun et al., 2018). This is probably due to the presence of more potential food 

resources and favourable habitats in wider riparian buffers (Cole et al., 2015; Braun 

et al., 2018). It has been suggested that buffer strips less than 3 m wide are unlikely 

to provide sufficient resources for most beneficial insects (McCracken et al., 2012).  

The composition and structure of vegetation present in riparian buffers 

influences the types of invertebrates present (Ramey and Richardson, 2017). 

Generally, effective riparian buffers are made up of combinations of grass, forbs, 

native shrubs and trees, which have high tolerance to local climatic and landscape 

conditions (Fischer and Fischenich, 2000). Although grass-type buffers have the 

lowest plant diversity, they may be an important habitat for some beneficial 

invertebrates (Kromp and Steinberger, 1992; Hof and Bright, 2010). For instance, an 

Australian study has reported that the presence of grass, especially native grass 

species (i.e. Chloris truncate or windmill grass), is associated with a significantly 

higher abundance of parasitoids (Scelionidae) (Danne et al., 2010). Detritivores (i.e. 

earthworms) and predatory invertebrates (i.e. carabids beetles) were more 

abundant while pest species (i.e. slugs) were less abundant in the presence of a grass 
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field margin compared to the absence of grass field margin (Hof and Bright, 2010).  

The presence of a grass margin may also enhance the abundance of pollinators (e.g. 

moths) in arable landscapes (Alison et al., 2016). Forb-rich vegetation is also 

important for pollination and biological pest control (Cussans et al., 2010; Cole et al., 

2015; Cole et al., 2017). Insect pollinators were most abundant in areas with a high 

abundance and diversity of floral resources that provide nectar and pollen 

throughout the season (Cussans et al., 2010; Haaland et al., 2011; Cole et al., 2015). 

Forb-rich vegetation also provides the habitats necessary to support natural enemies 

that control pests in agricultural landscapes (Pywell et al., 2015). Although pollinators 

are generally not affected by the presence of trees, woody vegetation has been 

shown to promote higher abundances of detritivores due to the presence of plant 

detritus and may provide refuge habitats for natural enemies (Dix et al., 1995; Liman 

Ŝǘ ŀƭΦΣ нлмсΤ hΩ.ǊƛŜƴ Ŝǘ ŀƭΦΣ н017).  

However, it is not just floral composition that is important. The physical 

structure of vegetated riparian buffers can play a significant role in determining 

invertebrate diversity and abundance. For example, Treweek et al. (1997) reported 

greater arthropod abundance in taller vegetation (6 cm) compared to short 

vegetation (3 cm). Lawton (1983) observed that taller vegetation usually retains 

higher structural diversity compared to shorter vegetation, due to greater tolerance 

to disturbance. In addition, more Lepidoptera species been observed in grassland 

with taller vegetation compared to actively grazed grassland with low vegetation 

(Gibson et al., 1992; Balmer and Erhardt, 2000; Poyry et al., 2006). The most common 

reason for the change in maximal diversity of insects in taller vegetation is that more 

suitable habitat, niches and feeding resources are available in tall successional 

vegetation.  

Invertebrates are important to the functioning of the arable landscapes. They 

play an important role in the control of pests, in decomposition processes, and are 

important pollinators of both crop and non-crop plant (Cock et al., 2012; Ramey and 

Richardson, 2017). Although riparian buffers constitute a relatively small area of total 

agricultural landscape, their heterogeneity, complexity, biodiversity, and ecosystem 

service provision makes them important areas for protection and management 

(Naiman et al., 1993; Naiman and Decamps, 1997; Hackett and Lawrence, 2014). The 
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functionality of riparian buffers is mediated by buffer width and habitat quality, 

however better understanding of influence of different vegetation structure and 

composition are required to evaluate the efficiency of riparian buffer in improving 

functioning of agricultural ecosystem (Luke et al., 2018; Santos et al., 2018). In 

particular, there is a need to investigate the value of riparian buffers in agricultural 

landscape, and how the composition and structure of vegetated riparian buffers 

influences invertebrate assemblages, in order to manage them effectively and to 

deliver multiple benefits.  

The aim of this chapter is to investigate the effect of the composition (i.e. 

grass, forbs and woody) and structure (plant richness, vegetation height and width) 

of vegetated riparian buffers on terrestrial invertebrate communities. The structure, 

composition and functional group diversity of terrestrial invertebrates was compared 

within and between riparian buffers to address the following hypotheses: 

 

i. The composition of plant communities determines the physical structure, 

food resources and niches available in riparian buffers, and hence, 

influence the distributions and abundances of invertebrate species (McCoy 

and Bell, 1991; Renouf and Harding, 2015). In particular, a high number of 

different flowering plant species is associated with higher diversity of 

habitat, pollen and nectar resources for beneficial invertebrates 

(Wardhaugh et al., 2012; Campbell et al., 2017). 

ii. Combinations of vegetation types (i.e. grass, forbs and woody plants) 

provide more complexity, habitat diversity and niche availability than 

single vegetation types. Higher terrestrial invertebrate abundance and 

diversity are associated with more complex landscape structures and 

hence with riparian buffers comprised of different vegetation types (Liu et 

al., 2015; Landis, 2017; Ralston et al., 2017).  

iii. Grass is an important element of spatial heterogeneity and complexity in 

riparian buffers (Mazalova et al., 2015). Grass strips in riparian buffers 

provide overwintering shelter and food for invertebrate communities, and 

function as corridors for the movement of taxa between buffer and 

adjacent crop (Nelson et al., 2018). 
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The specific research questions were therefore: 

 

i. How do terrestrial invertebrate communities vary between different 

vegetation types (grass, forbs or woody) within riparian buffers? 

ii. How does the combination of different vegetation types in riparian buffers 

affect terrestrial invertebrate communities? 

iii. How does the presence of grass strips in riparian buffers affect terrestrial 

invertebrate communities? 

 

3.2 Methods 

3.2.1 Study area 

This study was conducted in an agricultural landscape in Loddington, Leicestershire, 

UK during summer 2016 (July to August). A full site description and justification for 

study site selection are provided in Chapter 2 (Sections 2.1.3 and 2.1.4). A total of 26 

riparian buffers were studied at 16 stream sites in the Eye Brook, Stonton Brook and 

Barkby Brook catchments. To evaluate the effects of the vegetation composition and 

structure of riparian buffers on terrestrial invertebrates, each buffer was surveyed 

and sampled for the presence of terrestrial invertebrates and plant species.  

 

3.2.2 Vegetation survey 

Each vegetation strip (grass, forbs and woody) was surveyed using three pieces of 

0.50 m x 0.50 m quadrats distributed evenly (refer to Figure 2.6). All plants present 

inside the quadrats were identified to species level, where possible (Rose et al., 2006; 

Cope and Gray, 2009; Poland and Clement, 2009; and NatureSpot website), and 

recorded as presence-absence data. These data were used to calculate the plant 

species richness in each vegetation strip and study site. In addition, the height of each 

grass and forb species present in the vegetation strip was measured for three 

individual plants of same species using a ruler and an average height calculated. The 

height of each tree species was estimated for three individual trees per species and 

averaged. 
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3.2.3 Terrestrial invertebrate sampling 

Terrestrial invertebrates were sampled using three different methods: visual 

monitoring survey, sweep netting and pitfall traps. Before any samples were taken, 

three transects were established across the riparian buffer, each 6.75 m apart (see 

Section 2.1.4). Visual monitoring survey and sweep netting were conducted in grass 

and forb strip only while pitfall traps were deployed in all three-vegetation strip.  

Before conducting the visual survey, humidity, temperature and wind speed 

were recorded using a handheld wind meter (Skywatch Atmos). The survey was 

conducted when conditions met those described in the Butterfly Monitoring Protocol 

(i.e. between 9.30 h and 17.00 h in summertime, temperature 13°C or more, wind 

speed 5 or lower on the Beaufort scale (or less than 8 mph)) (van Swaay et al., 2008). 

For riparian buffers with both grass and forbs strip present, a visual rectangular 

sampling route was established in the middle of the grass strip and the middle of the 

forbs strip parallel to the stream. Flags were placed at the edge of the rectangle to 

mark the route. Starting from the corner of the grass strip, the sampling route was 

walked at a constant slow pace: 3 minutes for each length and 1 minute to walk 

between strip giving a total time of approximately 8 minutes for each site. Only 

insects observed during each 3-minute survey were recorded to prevent bias due to 

variation in buffer widths between sites. Each insect visiting a flower or other 

vegetation in the grass or forbs strip was recorded using a data recording sheet (Table 

A.3.1). For buffers without a grass strip (i.e. only forbs), the same procedure was 

carried out except a rectangular sampling path was within the forb strip only and the 

sections were positioned 0.25 m from the strip edges. Samples collected in each 

parallel sampling route of vegetation (i.e. grass and forbs or only forbs) constituted a 

single independent sample.  

Sampling with the sweep net was performed after the visual monitoring 

survey was completed. Sweep netting and the visual monitoring survey used the 

same sampling routes. Invertebrates were sampled from grass and forbs strips using 

a butterfly net (28-gauge Terylene material, 60 cm diameter of frame aperture and 

60 cm long aluminium handle) in a 180° arc such that the net rim strikes the top of 

the vegetation. Each 180° arc counted as one sweep. Ten sweeps were taken for each 
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vegetation strip (i.e. grass and forbs). For sites without a grass strip, sweep net 

sampling was performed inside the forb strip with 20 sweeps. After taking 20 sweeps 

(i.e. 10 grass and 10 forbs (GF) or 20 forbs (F)), the net was quickly pulled through the 

air to force all invertebrates into the bottom of the net bag, and the net bag closed 

at about the mid-point. The apex of the net bag was pushed into a pot filled with 

100% IMS (Industrial Methylated Spirits) to kill the invertebrates in the sample. After 

about 15 minutes, the invertebrates inside the butterfly net were transferred into a 

labelled collecting pot with 100% IMS for temporary storage. This samples were 

brought to the laboratory for further identification.  

Visual monitoring and sweep netting was only used to compare riparian 

buffers with and without grass strips (i.e. grass plus forbs vs forbs only), as it was not 

possible to sample the woody strip using these methods. In contrast, pitfall traps 

were used to sample mobile ground-dwelling invertebrates in all three vegetation 

types.  

Each pitfall trap consisted of double plastic cups (diameter 8 cm) to allow 

easier emptying of the inner cup during the collection. The cups were sunk into the 

ground so that the top was flush with the soil surface. Then, 50 ml of non-toxic anti-

freeze (propylene glycol based) was placed inside each trap. Three replicates pitfall 

traps were installed in the middle of each vegetation strip (grass, forbs and woody) 

and spaced approximately 10 m apart along each strip (Figure 2.6). Each trap was 

covered with a wooden lid to protect it from the rain, and a gap about 3 cm between 

the lid and the soil surface was left to allow invertebrates to enter the trap but 

preventing larger animals (e.g. mice and toads) from entering. Pitfall traps were 

collected after two weeks and the contents of all replicate pots with a vegetation 

strip were transferred into a single labelled pot containing 70% IMS. There was 

therefore one sample per vegetation type per riparian buffer. On returning to the 

laboratory, terrestrial invertebrates were removed, counted and identified. The data 

for each vegetation type were either analysed independently or combined across all 

vegetation types in a riparian buffer (i.e. grass plus forbs plus woody (GFW) buffer; 

grass plus forbs (GF) buffer; forbs plus woody (FW) buffer). 
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3.2.3.1 Terrestrial invertebrate classification 

Members of the orders Coleoptera, Homoptera, Heteroptera, Diptera and 

Hymenoptera were identified to family level (except for sawflies) (Table 3.1), and the 

rest of invertebrate collected were identified to order level using keys by Triplehorn 

(2005) and Tilling (2014), and classified into functional groups (pests, natural 

enemies, detritivores and pollinators) according to AHDB (2016) classification. All 

pest, natural enemies, detritivores and pollinators were determined according to the 

crop type present (i.e. field bean, wheat) and information provided in the AHDB 

classification. 

Table 3.1 Terrestrial invertebrates collected in the UK case study and identified to 
family level. 

Order Family Common name 

Coleoptera Carabidae 
Staphylinidae 
Cantharidae 
Coccinellidae 
Nitidulidae 
Chrysomelidae 

Ground beetle 
Rove beetle 
Soldier beetle 
Ladybird 
Pollen beetle 
Leaf beetle 

Homoptera Aphididae 
Cicadellidae 
Psyllidae 

Aphids 
Hoppers 
Psyllids 

Heteroptera Miridae (Natural enemy) 
Anthocoridae 
Reduviidae 
Miridae (Pest) 

Mirids bugs 
Flower bugs 
Assassin bugs 
Lygus bugs 

Diptera Asilidae 
Empididae 
Hybotidae 
Syrphidae 

Robber flies 
Dagger flies 
Dance flies 
Hoverflies 

Hymenoptera - 
Apidae 
 
 
Formicidae 
 

Sawfly 
Small bees 
Bumblebees 
Honeybees 
Ants 
Wasps 
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Lepidoptera were identified as meadow brown (Nymphalidae), gatekeeper 

(Nymphalidae), ringlet (Nymphalidae), speckled wood (Nymphalidae), small skippers 

(Hesperiidae), day-flying moths, butterfly (unknown family) and Lepidoptera 

caterpillars. Time and expertise limitation mean that, any unknown families in the 

ƻǊŘŜǊǎ /ƻƭŜƻǇǘŜǊŀΣ 5ƛǇǘŜǊŀ ŀƴŘ IŜǘŜǊƻǇǘŜǊŀ ǿŜǊŜ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ ΨƻǘƘŜǊǎΩΦ !ƴȅ 

unrecognized functioƴŀƭ ƎǊƻǳǇǎ ǿŜǊŜ ŀƭǎƻ ŎŀǘŜƎƻǊƛȊŜŘ ŀǎ ΨƻǘƘŜǊǎΩΦ !Řǳƭǘ ŎŀŘŘƛǎŦƭƛŜǎ 

(Trichoptera) and mayflies (Ephemeroptera) were not allocated to a functional group 

as they have a very short adult lifespan (1 ς 2 days) and do not feed as adults. 

 

3.2.4 Statistical analysis 

Prior to analysis, all the abundance data were (x+1) log transformed. One-way 

Analysis of Variance (ANOVA) was used to assess the effects of vegetation strip type 

(grass (G), forbs (F), woody (W)) within riparian buffers and of vegetation type 

combinations (GFW, FW and GF) between study sites on terrestrial invertebrate 

richness, abundance, diversity (Shannon Diversity Index), and the abundance of 

functional groups (pollinator, pest, natural enemies and detritivores). T-tests were 

used assess the effect of the presence or absence of grass strips (GF versus F) on 

terrestrial invertebrate richness, abundance, diversity and the abundance of 

functional groups. Multiple linear regression was used to assess the relationships 

between vegetation height, plant richness, total buffer width and vegetation strip 

width with terrestrial invertebrate richness, abundance, diversity and the abundance 

of functional groups. The similarity of assemblages sampled either using different 

methods (visual monitoring survey, pitfall traps and sweep netting) or from different 

vegetation strip (grass, forbs and woody) or from buffers with different vegetation 

composition (GFW, FW, GF) were compared using the Jaccard Index based on taxa 

presence-absence data. Principal Component Analysis (PCA) on correlation matrix 

was used to compare assemblages (taxon abundance and functional groups) 

between vegetation type (grass, forbs and woody) and buffer types (GFW, FW and 

GF). Prior to PCA analysis, all taxa were grouped at order level and, any order that 

occurred less than 10% from the site were excluded from the analysis within each 

vegetation strip and buffer types. 
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3.3 Results 

3.3.1 Overall pattern in invertebrate assemblages 

Overall, a total of 38,089 invertebrates belonging to 23 orders (51 taxa) were 

identified across 26 riparian buffer study sites using three different sampling 

methods: 1,240 individuals from the visual monitoring survey, 22,010 individuals 

from sweep net samples, and 14,839 individuals from pitfall trap samples (see Table 

A.3.2 for list of taxa collected in each method). The vast majority of these 

invertebrates were arthropods (95%) although some gastropods (4.9%) and 

oligochaetes (0.1%) were sampled in pitfall traps. Visual monitoring survey recorded 

1 to 10 taxa per site, pitfall traps sampled between 8 and 27 taxa per site, and sweep 

netting sampled 15 to 23 taxa per sites.  

There was a highly significant effect of sampling method on the mean taxon 

richness, abundance and Shannon Diversity Index of terrestrial invertebrates (F2,75 җ 

16.65, p< 0.001). The highest mean taxon richness and abundance was recorded for 

vegetation-associated invertebrates sampled using sweep netting, while the highest 

mean diversity was recorded for ground-dwelling invertebrates sampled in pitfall 

traps (Figure 3.1). Although there was overlap in the taxa sampled by the different 

methods, especially between the sweep netting and pitfall trap methods (Jaccard 

Index= 0.63), eight taxa were unique to each particular sampling method (Table 3.2). 
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Figure 3.1 Mean (±1SE) a) taxon richness, b) abundance (log scale) and c) Shannon 
diversity index for terrestrial invertebrates sampled using three different methods. 
Means having different letter are significantly different (Tukey test p< 0.05). 
 
Table 3.2 List of unique taxa for each sampling method. 

Order Visual Survey  Sweep Netting Pitfall Trap 

Lepidoptera Meadow Brown 
Gatekeeper 

Ringlet 
Speckled Wood 
Small Skipper 

Butterfly 
- 
- 
- 
- 

Caterpillar 
- 
- 
- 
- 

Coleoptera Leaf Beetle - - 
Heteroptera - 

- 
- 
- 

Anthocoridae 
Reduviidae 

Lygus 
Heteroptera 

(Other) 

- 
- 
- 
- 

Hymenoptera Honeybees 
Small Bees 

- 
- 

Ants 
- 

Diptera - Asilidae - 
Orthoptera - Orthoptera - 
Trichoptera - Trichoptera - 
Dermaptera - - Dermaptera 
Plecoptera - - Plecoptera 

Siphonaptera - - Siphonaptera 
 - - Oligochaeta 
 - - Diplopoda 
 - - Chilopoda 

a) b) 

c) 
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A total of 1,240 invertebrates belonging to 15 taxa were recorded during the 

visual monitoring survey. Approximately, 59% were pest species, 19% were 

pollinators, 5% were natural enemies and the remaining 17% were unclassified 

Dipterans. No detritivores were found in this survey. Most pest species recorded 

were pollen beetles (Nitidulidae), the most abundant pollinators recorded were day-

flying moths, and soldier beetle (Cantharidae) were the most abundant natural 

enemies (Figure 3.2).  

 

Figure 3.2 Abundance of taxa recorded in the visual monitoring survey 
 

Pitfall traps sampled 14,839 ground-dwelling invertebrates belonging to 34 

taxa, of which 49% were classified as natural enemies, 14% as pest species, 8% as 

detritivores and 0.03% as pollinators. Twenty-nine per cent were unclassified beetles 

and Diptera, and 0.06% were non-feeding adult mayflies (Figure 3.3a). Ground 

beetles (Carabidae) were the most abundant natural enemies (Figure 3.3b), snails 

(Gastropoda) were the most abundant pest species (Figure 3.3c) and springtails 

(Collembola) were the most abundant detritivores (Figure 3.3d). The only pollinators 

sampled in pitfall traps were hoverflies and bumblebees (Figure 3.3e). 
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Figure 3.3 Total abundance (log scale) of invertebrates sampled in pitfall traps 
deployed at UK case study sites and classified by functional group. Data are 
presented for a) all functional groups, b) natural enemies, c) pests, d) detritivores 
and e) pollinators. 

 

A total of 22,010 invertebrates belonging to 35 taxa were collected using the 

sweep net method. Of these, the dominant functional group were natural enemies 

(28%), 14% were pest species, 0.9% were pollinators, 0.6% were detritivores, and 

0.1% were non-feeding adult caddisflies (Trichoptera) and mayflies (Ephemeroptera) 

(Figure 3.4a). The 57% of individuals of that were not assigned to one of these 

functional groups were Coleoptera, Heteroptera and Diptera. The most abundant 

natural enemies in sweep net samples were wasps (Hymenoptera) (Figure 3.4b), the 

c) d) 

e) 

a) b) 
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most abundant pest species were thrips (Thysanoptera) (Figure 3.4c), and the most 

abundant detritivores were springtails (Collembola) (Figure 3.4d). Hoverflies were 

the most abundant pollinators (Figure 3.4e). 

 

  

  

 
Figure 3.4 Abundance of a) all functional group, and taxa presence in each b) 
natural enemies, c) pests, d) detritivores and e) pollinators sampled by sweep 
netting method. Scale used were log transformed. 

 

 

 

a) b) 

c) d) 

e) 
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3.3.2 Overall vegetation diversity 

A total of 70 plants species from 29 different families were identified across all 26 

study sites. Of these 70 species, 19 were grasses, 36 were forbs and 15 were woody 

species. The most common species occurring in vegetation strip were cleavers 

(Galium aparine), which occurred in 70% of vegetation strip sampled, hogweed 

(Heracleum sphonydylium) and stinging nettles (Urtica dioica) (66% of strip), 

Yorkshire fog (Holcus lanatus) (57% of strip) and creeping buttercup (Ranunculus 

repens) (53% of strip). Presence-absence data for all species and vegetation strip are 

given in Table A.3.3. Although there was overlap in the plant species recorded in each 

vegetation strip, especially between grass and forbs (Jaccard Index= 0.53), there 

were some plants species that were unique to a particular vegetation strip (Table 

3.3).  

 

Table 3.3 List of unique plant species in grass, forbs and woody strip of study sites 

Grass Forbs Woody 

Capsella bursa-
pastoris 

Helminthotheca echioides  Alnus glutinosa 

 Arctium spp. Corylus avellana 
 Arctium minus Fraxinus excelsior 
 Senecio jacobaea Larix decidua 
 Sonchus asper Malus sylvestris  
 Carduus crispus Prunus spinosa 
 Dipsacus pilosus Sorbus aucuparia 
 Cerastium fontanum Salix spp 
 Carex flacca Acer campestre  
 Geranium pratense  Acer pseudoplatanus  
 Lolium mulyiflorum  
 Juncus conglomeratus  
 Dactylorhiza fuchsii  
 Persicaria maculosa  

 

There was a significant difference in plant species richness between 

vegetation strip (F2,59 = 16.70, p< 0.001) with forbs strip having a significantly higher 

plant richness than grass or woody strip (Figure 3.5a). There was also a significant 

difference in plant height between vegetation strip (F2,59 = 106.31, p< 0.001). 

Unsurprisingly, the tallest vegetation was present in the woody strip. Although the 
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average height of plants was greater in the forb than grass strip, this difference was 

not statistically significant (Figure 3.5b). 

 Plant species richness per buffer ranged from 11 ς 33 species. Buffer types 

(i.e. GFW, FW and GF) had a significant effect on plant richness (F2,23 = 4.51, p< 0.05), 

with GF buffers (i.e. no woody strip) having significantly fewer plant species than 

either FW buffers (i.e. no grass strip) or GFW buffers (all three-vegetation strip 

present)  (Figure 3.5c). 

 

 
 

 
Figure 3.5 Mean (±1SE) a) plant species richness in each vegetation strip, b) plant 
height in each vegetation strip and c) plant species richness in each buffer type. 
Means having different letter are significantly different (Tukey test p< 0.05). 
 

3.3.2.1 Riparian buffer composition and width 

The average width of riparian buffers used in the study site ranged from 5.4 m to 89.4 

m. There was a no significant effect of buffer type on mean buffer width (F2,23 = 1.31, 

p> 0.05), even though GF buffers had a smaller average width than the other two 

buffer types (Figure 3.6a). The average width of grass strip ranged from 1.6 m ς 9.0 

m, whereas as that for forbs and woody strip ranged from 1.0 m to 58.7 m and from 

a) b) 

c) 
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0.8 m to 41.6 m, respectively. Although average strip width increased from grass to 

forbs to woody strip (Figure 3.6b), these differences were not statistically significant 

(F2,59 = 1.89, p> 0.05). 

 

  
 

Figure 3.6 Mean (±1SE) width (m) of different a) buffer types (GFW, FW, GF) and b) 
vegetation strip (grass, forbs and woody). 
 

3.3.3 How do terrestrial invertebrate communities vary between 

different vegetation types (grass, forbs or woody) within riparian 

buffers? 

3.3.3.1 Visual monitoring survey ς aerial insects 

Ninety-four percent of aerial insects recorded during the visual surveys of 26 buffers 

were recorded in the forb strip. Only five of the 15 taxa recorded during the surveys 

were recorded in the grass strip:  day-flying moth, Syrphid, wasps, soldier beetle and 

other Diptera. Forb strips were associated with a significantly greater taxon richness, 

abundance and diversity of aerial insects (t50 җ оΦмоΣ Ǉғ лΦлрΣ CƛƎǳǊŜ оΦт ŀ-c). In terms 

of functional group analysis, forb strips was associated with significantly higher 

abundances of pollinator and natural enemies species (t50 җ нΦпфΣ Ǉғ лΦлрΣ CƛƎǳǊŜ 

3.7d-e). No pest was found in grass strip. 

The abundance of each taxon was compared between grass and forbs strip. 

From five taxa occurred in both grass and forbs, three taxa (i.e. hoverflies, soldier 

beetle and wasps) were found significantly more abundant in the forbs strip (i.e. t40 

= 2.34, p< 0.05; t48 = 2.30, p< 0.05 and t50 = 2.78, p< 0.05) (Figure 3.8a-c).   

a) b) 
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Figure 3.7 Mean (±1SE)  of a) taxa richness, b) taxa abundance and c) diversity 
(Shannon diversity index) of terrestrial invertebrates plus mean abundance of d) 
natural enemy and e) pollinator in grass or forbs vegetation strip observed during 
pollinator monitoring surveys. 

 

 

 

a) b) 

c) d) 

e) 
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Figure 3.8 Mean (±1SE) abundance of a) Syrphid, b) soldier beetle and c) wasps 
observed in grass or forbs strip during pollinator monitoring surveys. 

 

The importance of vegetation strip width, plant richness and plant height in 

explaining the characteristics of the assemblage of aerial insects observed in grass 

and forb strip was assessed using multiple linear regression analysis. There were no 

significant relationships between vegetation characteristics and insect assemblages 

or functional group observed in the grass (F3,10 Җ лΦффΣ ǇҔ лΦлрΣ ŀŘƧΦ w2 Җ 0.00%) and 

forbs strip (F3,34 Җ нΦотΣ ǇҔ лΦлрΣ ŀŘƧΦ R2 Җ фΦфу҈ύΦ 

 

3.3.3.2 Pitfall trap methods ς ground-dwelling invertebrates 

Across all 26 study sites, the highest mean taxa richness and abundance of ground-

dwelling invertebrates was sampled in the forb strips while the highest mean 

diversity of ground-welling invertebrates was sampled in the woody strips. There was 

a no significant difference in the mean taxa richness or abundance of ground-

dwelling invertebrates sampled in grass, forb or woody strips (F2,56 Җ оΦлфΣ ǇҔ лΦлрύΣ 

a) 

c) 

b) 
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however, ground-dwelling invertebrates were significantly more diverse in woody 

strips compared to grass strips (F2,56 = 3.48, p< 0.05, Figure 3.9a). 

Eight taxa, which are scorpionflies (Mecoptera), soldier beetles (Cantharidae), 

ladybirds (Coccinellidae), flies (Empididae), lacewings (Neuroptera), earwigs 

(Dermaptera), booklice (Psocoptera) and fleas (Siphonoptera) were unique to the 

forb strips whilst stoneflies (Plecoptera) were unique to the grass strips. There was a 

high degree of similarity in the composition of assemblages of ground-dwelling 

invertebrates sampled from forbs and woody strips (Jaccard Index = 0.74).  

There was a significant effect of vegetation type on the abundance of 

{ǘŀǇƘȅƭƛƴƛŘŀŜΣ ΨƻǘƘŜǊ ōŜŜǘƭŜǎΩΣ ŎŀǘŜǊǇƛƭƭŀǊǎΣ 5ƛǇƭƻǇƻŘŀ ŀƴŘ LǎƻǇƻŘŀ όC2,56 > 3.85, p< 

0.05). StaǇƘȅƭƛƴƛŘŀŜ όǊƻǾŜ ōŜŜǘƭŜǎύ ŀƴŘ ΨƻǘƘŜǊ ōŜŜǘƭŜǎΩ ǿŜǊŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ ƛƴ ǘƘŜ 

forb strips, while caterpillars, Diplopoda and Isopoda were most abundant in the 

woody strip (Figure 3.9 b-f). In terms of functional groups, only detritivore abundance 

varied significantly between vegetation strips (F2,56= 5.83, p< 0.05), with abundance 

being significantly lower in grass strip compared to woody or forb strip (Figure 3.10). 

Pollinators were found only in the forbs and woody strips. 

The results of a Principal Component Analysis (PCA) of the abundance of 

ground-dwelling invertebrates within each vegetation strip is presented in Figure 

3.11a. The first two components explained 39.2% of the variation. There was some 

separation between the assemblages in the forb and woody strips along PC2, which 

is positively associated with Oligochaeta (0.41) and negatively associated with 

Homoptera (-0.51) (Figure 3.11b). The functional group PCA analysis explained 83.0% 

of the variation with the first two components (Figure 3.11c). There is considerable 

overlap between assemblages, but some separation of the assemblage in the forb 

strip along both PC1 and PC2. PC1 is positively associated with the abundance of 

natural enemies (0.71) and detritivores (0.71), whereas PC2 is positively associated 

with the abundance of pest species (0.96) (Figure 3.11d). 
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Figure 3.9 Mean (±1SE) a) Shannon diversity index of ground-dwelling 
invertebrates and mean abundance of b) ΨƻǘƘŜǊ ōŜŜǘƭŜǎΩΣ Ŏύ /ŀǘŜǊǇƛƭƭŀǊΣ Řύ 
Diplopoda, e) Isopoda and f) Staphylinidae sampled in each vegetation strip by 
pitfall traps. Means having different letter are significantly different (Tukey test p< 
0.05). 

 

a) b) 

c) 
d) 

e) f) 
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Figure 3.10 Mean (±1SE) abundance in log scale of natural enemies, pest species, 
detritivores and pollinators sampled from grass (green bar), forbs (yellow bar) and 
woody (red bar) strip using pitfall traps. Means having different letter are significantly 
different (Tukey test p< 0.05). 
 

  
 

  
Figure 3.11 Principal component analysis (PCA) of a) ground-dwelling invertebrates 
b) loading plot of ground-dwelling invertebrate assemblages, c) functional groups 
within ground-dwelling invertebrates and d) loading plot of functional group within 
each vegetation strip in pitfall traps method. Green dots denote grass strip, yellow 
dots denote forbs strip, and red dots denote to woody strip. 

 

 

b) 

 

 

c) 

 

 

d) 

 

 

a) 
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Multiple linear regression analyses were performed to assess the 

relationships between vegetation characteristics (vegetation height, plant richness 

and vegetation strips width) and characteristics of ground-dwelling invertebrate 

assemblages (taxa richness, abundance, diversity and functional group) in each 

vegetation strip (grass, forbs and woody). The only significant relationships were a 

positive relationship between plant height and taxa richness in woody strips (F1,20 

= 5.53, p< 0.05, adj. R2 = 17.75%), and positive relationships between plant richness 

and diversity index and natural enemy abundance in forb strips (F1,23 җ нΦтнΣ Ǉғ лΦлрΣ 

adj. R2 = 15.59%) (Figure 3.12). 

 

  
 

 
Figure 3.12 Relationship of plant height with a) taxa richness in woody strip (y= 
9.10 + 0.48x, R2= 0.22), and plant richness with b) diversity index (y= 1.34 + 0.02x, 
R2= 0.19) and c) abundance of natural enemy (y= 1.52 + 0.03x, R2= 0.27) in forb 
strip. 

 

 

 

b) 

 

 

a) 

 

 

c) 
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3.3.4 How does the combination of different vegetation types in 

riparian buffer affect terrestrial invertebrate communities? 

The riparian buffers investigated in this study were comprised of different 

combination of vegetation strips (grass, forbs and woody) which were; grass plus 

forbs plus woody (GFW), forbs plus woody (FW) and grass plus forbs (GF). The three 

different buffer types were compared to investigate any effects of buffer type on the 

richness, abundance and diversity of ground-dwelling invertebrates or the 

abundance of functional groups (pest, pollinators, natural enemies and detritivores) 

samples using pitfall traps. There were 10 GFW buffers, 12 FW buffers and 4 GF 

buffers.  

 The GFW buffers showed the highest mean taxa richness and abundance, 

meanwhile FW buffers showed the highest mean invertebrate diversity (Figure 3.13). 

There was significant variation in invertebrate taxa richness and diversity across 

buffer types (F2,23 җ оΦрлΣ Ǉғ лΦлрύ ǿƛǘƘ DC² buffers having significantly higher taxa 

richness and FW buffers having significantly higher diversity. There was no significant 

difference in abundance of invertebrates across buffer types (F2,23 = 3.14, p> 0.05).  

Buffer type was found to have a significŀƴǘ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŀōǳƴŘŀƴŎŜ ƻŦ ΨƻǘƘŜǊ ōŜŜǘƭŜǎΩ 

(F2,23 = 5.65, p< 0.05), Staphylinidae (F2,23 = 4.00, p< 0.05), Diplopoda (F2,23= 6.12, p< 

0.05) and Isopoda (F2,23= 4.60, p< 0.05). The FW buffers had a higher mean 

ŀōǳƴŘŀƴŎŜ ƻŦ ΨƻǘƘŜǊ ōŜŜǘƭŜǎΩΣ {ǘŀǇƘȅƭƛƴƛŘŀŜ and Isopoda than GF buffers (Figure 

3.14a-c). The GFW buffers showed significantly higher abundance of Diplopoda than 

GF buffers (Figure 3.14d). Although the similarity in invertebrate assemblages 

between buffer types was reasonably high, especially between GFW and FW buffers 

(Jaccard Index= 0.71), some taxa were unique to either GFW or FW buffers (Table 

3.4). 

There was a significant effect of buffer type on natural enemy abundance 

(F2,23 = 4.04, p< 0.05), with GF buffers having significantly fewer natural enemies. 

However, there was no other effects of buffer type on other functional groups 

sampled using pitfall traps (Figure 3.15).  
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Figure 3.13 Mean (±1SE) of a) taxa richness, b) taxa abundance and c) Shannon 
Diversity Index of ground-dwelling invertebrates in different buffer types (GFW, 
FW, GF) sampled using pitfall traps. Means having different letter are significantly 
different (Tukey test p< 0.05). 

 

Table 3.4 List of unique taxa to buffer composition. 

GFW FW 

Bumblebees 
Dermaptera 
Psocoptera 
Mecoptera 
Plecoptera 

Cantharidae 
Empididae 
Syrphidae 
Neuroptera 

 

 

 

 

 

 

b) 

 

 

c) 

 

 

a) 
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Figure 3.14 aŜŀƴ όҕм{9ύ ŀōǳƴŘŀƴŎŜ ƻŦ ŀύ ΨƻǘƘŜǊ ōŜŜǘƭŜǎΩΣ ōύ {ǘŀǇƘȅƭƛƴƛŘŀŜΣ Ŏύ 
Isopoda and d) Diplopoda in different buffer types (GFW, FW, GF) sampled using 
pitfall traps. Means having different letter are significantly different (Tukey test p< 
0.05). 

 

 
Figure 3.15 Mean (±1SE) abundance in log scale of natural enemies, pest species, 
detritivores and pollinators sampled from GFW (green bar), FW (yellow bar) and GF 
(red bar) buffer type using pitfall traps. Means having different letter are significantly 
different (Tukey test p< 0.05). 

b) 

 

 

d) 

 

 

c) 

 

 

a) 
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Principal Component Analysis (PCA) of ground-dwelling invertebrate 

communities in different buffer types is presented in Figure 3.16. The first two 

components explained 42.4% variation. There is a distinct separation of communities 

in FW and GF buffer types along PC1 and PC2. Communities in GFW buffers sit within 

the space occupied by communities in FW buffers (Figure 3.16a). PC1 was positively 

associated with Isopoda (0.43), Collembola (0.40) and Arachnida (0.39), whereas PC2 

was positively associated with Diptera (0.42) and negatively associated with Isopoda 

(-0.36) (Figure 3.16b).  

The first two components of the PCA analysis of functional groups explained 

89.0% of variation. There was overlap between FW buffers with both GFW and GF 

buffer type, but very little overlap between GFW and GF buffer types, with separation 

occurring along PC1 (Figure 3.16c). PC1 was strongly correlated with detritivores 

(0.71) and natural enemy (0.69) (Figure 3.16d). Pest species has a large positive 

association (0.96) with PC2.  

 

  

  

Figure 3.16 Principal component analysis (PCA) of a) ground-dwelling invertebrates 
b) loading plot for ground-dwelling invertebrate assemblages, c) functional groups 
and d) loading plot of functional groups within each buffer type sampled by pitfall 
traps. Yellow dots referred to FW buffer type, red dots referred to GF buffer type, 
and green dots referred to GFW buffer type. 
 

b) 

 

 

c) 

 

 

d) 

 

 

a) 
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Multiple linear regression analysis indicated that higher plant richness in 

buffers was significantly correlated with higher abundance of ground-dwelling 

natural enemies (F1,24 = 8.80, p< 0.05, adj. R2 = 23.80%) (Figure 3.17). However, there 

were no significant relationships between total buffer width and plant richness with 

taxa richness, abundance or diversity of ground-dwelling invertebrates, detritivores, 

pest species or pollinators (F2, 23 Җ нΦуоΣ p> 0.05, adj. R2 Җ мнΦтт҈ύΦ 

 

 
 
Figure 3.17 The relationship between plant richness and the abundance of ground-
dwelling natural enemies (y= 1.76 + 0.03x, R2= 0.27). 

 

3.3.5 How does the presence of grass strips in riparian buffers affect 

terrestrial invertebrate communities? 

3.3.5.1 Visual monitoring survey ς aerial insects 

Forbs strips had the highest taxon richness, abundance and diversity index of aerial 

insects than grass plus forbs buffers (Figure 3.18a-c). There were no significant 

differences in taxa richness, abundance or diversity   between the grass plus forbs or 

forbs only riparian buffers (t24 Җ лΦрлΣ ǇҔ лΦлрύΦ ¢ƘŜǊŜ was also no significant 

difference in the abundance of any of the 15 taxa recorded in grass or grass plus forbs 

buffers (t24 Җ мΦоуΣ ǇҔ лΦлрύ ƻǊ ōŜǘǿŜŜƴ ŦǳƴŎǘƛƻƴŀƭ ƎǊƻǳǇ ŀōǳƴŘŀƴŎŜ όǘ24 Җ лΦруΣ ǇҔ 

0.05).  
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Multiple linear regression analysis indicated a significant positive correlation 

between total width of buffer type and the richness and diversity of aerial insects 

(F1,24 җ тΦлрΣ Ǉғ лΦлрΣ ŀŘƧΦ w2 җ мфΦпф҈ύ όCƛƎǳǊŜ оΦмфŀ-b). None of the vegetation 

characteristics (total buffer width and plant richness) showed a significant 

relationship with aerial insects abundance, natural enemies, pest and pollinators 

species (F2,23 Җ мΦсфΣ Ǉ Ҕ лΦлрΣ ŀŘƧΦ w2 Җ рΦнл҈ύΦ  

  

 
Figure 3.18 Mean (±1SE) of a) taxa richness, b) taxa abundance and c) Shannon 
Diversity Index of aerial insects in different buffer types (grass plus forbs (GF) and 
forbs only (F)). 

 

 
 

 

Figure 3.19 Relationships between total buffer width (m) and (a) richness (y= 4.39 
+ 0.11x, R2= 0.33) and  (b) diversity (Shannon Diversity Index) (y= 0.97 + 0.02x, R2= 
0.23) of aerial insects recorded during pollinator monitoring surveys. 

b) 

 

 

a) 

 

 

a) 

 

 

c) 

 

 

b) 
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3.3.5.2 Sweep netting ς vegetation-associated invertebrates 

Grass plus forbs buffer had a higher taxa richness and abundance of vegetation-

associated invertebrates than forbs only buffer. In contrast, forbs only buffer had a 

higher diversity of vegetation-associated invertebrates than grass plus forbs buffers 

(Figure 3.20a-c).  

There were no significant differences in taxa richness, abundance or diversity   

between the two buffer types (t24 Җ мΦуоΣ ǇҔ лΦлрύΦ ¢ƘŜǊŜ ǿŀǎ ŀƭǎƻ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ 

difference in the abundance of natural enemies, pollinators, detritivores or pest 

species in buffers with or without grass strips (t24 Җ мΦмоΣ ǇҔ лΦлрύΦ DǊŀǎǎ Ǉƭǳǎ ŦƻǊōǎ 

buffers had a significantly higher abundance of Diptera (t24 = 2.72, p< 0.05) than forbs 

buffers (Figure 3.20d).  

  

  
Figure 3.20 Mean (±1SE) of a) taxa richness, b) taxa abundance, c) Shannon 
Diversity Index and d) abundance of other Diptera in different buffer types, grass 
plus forbs (GF) and forbs only (F) sampled using sweep netting. 

 

 

 

 

 

a) 

 

 

b) 

 

 

c) 

 

 

d) 
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3.4 Discussion 

The aim of this study was to investigate the effect of the vegetation composition 

(grass, forbs or woody) and structure (buffer width, vegetation height) of riparian 

buffers  on terrestrial invertebrate communities. The objectives were to compare the 

structure (total abundance, taxonomic richness and diversity), functional group 

(natural enemy, pest, detritivores and pollinators) and community composition of 

terrestrial invertebrates between vegetation compositions within riparian buffers 

(grass, forbs and woody) and between combinations of different vegetation types 

across riparian buffers (GFW, FW and GF), by taking account of plant richness, 

vegetation height and riparian buffer width .  

 

The three research questions were:  

1. How do terrestrial invertebrate communities vary between different 

vegetation types (grass, forbs or woody) within riparian buffers? 

2. How does the combination of different vegetation types in riparian buffers 

affect terrestrial invertebrate communities? 

3. How does the presence of grass strips in riparian buffers affect terrestrial 

invertebrate communities? 

 

Forb strips had significantly higher plant species richness and more unique 

species than grass or woody strips. Forb strips also hosts a significantly higher 

abundance and diversity of invertebrate species than the other two vegetation types. 

The presence of a greater diversity and abundance of flowering plants within the 

forbs strip was associated with a significantly greater abundance of pollinators and 

natural enemies, in particular hoverflies, butterflies (meadow brown, ringlet, small 

skipper), bees, wasps and beetles (pollen, soldier and other).  

Enhancing key plant species richness is vital to support greater beneficial 

invertebrates (Somme et al., 2015; Richardson et al., 2016; Tschumi et al., 2016). 

Increased plant species richness promotes a higher availability of specific plants and 

floral resources required by pollinators (Potts et al. 2003; Ghazoul, 2006; Hegland 

and Boeke, 2006). Numerous studies have suggested improvement of floral 
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resources in cropland enhances the abundance and diversity of pollinators (Carvell 

et al., 2004; Carvell et al., 2006; Carvalheiro et al., 2010; Zhang et al., 2018). Frankie 

et al. (2005) reported that plant families Asteraceae, Lamiaceae, Polygonaceae and 

Rosaceae attract the highest pollinator species, particularly bees, and plant species 

from these families were present in fogs strips. 

Pollinators are influenced by the availability of suitable nesting sites and 

forage for pollen and nectar (Frankie et al., 2005; Ebeling et al., 2008). Long-proboscis 

pollinator tend to visit deep floral tube length to extract nectar while short-proboscis 

pollinator prefer short tube flowers (Stang et al., 2007; Bauder et al., 2015; Barrios 

et al., 2016; Klumpers et al., 2019). Higher plant diversity increase recurrent and 

diverse flower visitations by pollinators, which support efficient pollination and plant 

reproduction (Ebeling et al., 2008). Plants need to produce extensive quantity of 

pollen for pollination (FAO, 2015). For example, Schlindwein et al. (2005) found that 

96% of the bŜƭƭŦƭƻǿŜǊΩǎ όCampanula rapunculus) pollen was consumed by bees and 

only 4% contributed to pollination. Pollinators need plants that provide food 

resources throughout the year to reduce extinction risk (Ghazoul, 2006; Holzschuh 

et al., 2008; FAO, 2015).  

Vegetation strips with a greater diversity and abundance of flowering plants 

frequently promote more invertebrate predators (Haddad et al., 2009; Zhang et al., 

2018) and a higher abundance and diversity of invertebrate predators (e.g. ground 

beetles, ladybird beetles, spiders) are usually found in agricultural landscapes 

surrounded by natural habitat with a high abundance of flowering plants (Bianchi et 

al., 2006; Wade et al., 2008; Blaauw and Isaacs, 2015).  

Floral resources enhance natural enemies in agricultural landscape by 

providing habitats, refuges and food (Jonsson et al., 2008; Blaauw and Isaacs, 2015). 

Enhancing floral resources can consequently result in reduced pest populations (Herz 

et al., 2019). For example, Irvin et al. (2006) demonstrated how planting flowering 

buckwheat and alyssum increased populations of the parasitic wasp Dolichogenidea 

tasmanica (Hymenoptera: Braconidae) in apple orchards and contributed to reduced 

crop damage by the caterpillar Epiphyas postvittana (Lepidoptera: Tortricidae). 

Flower-rich strips and the density of the flowering herbaceous plants was also 

associated with a higher density of carabid beetles, thought to be due to a greater 
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availability of prey and shelter (Sarthou et al., 2014; Fusser et al. 2017; Zhang et al., 

2018). Pollination and pest control services are among the main ecosystem services 

required for higher crop productivity (Lundin et al., 2012). Increasing more floral 

resources would increase both pollinator and natural enemy pollinations while 

suppressing the abundance of pests (Kleijn and Sunderland, 2003).  

The current study found that, forb strips were dominated by a higher diversity 

of attractive flowering plant species (i.e. great willowherb, hogweed), compared to 

grass strips, which were dominated mainly by graminoid (i.e. Yorkshire fog, common 

bent grass) and woody strips, which were dominated mainly by shrub and tree 

species (i.e. oak, hawthorn). In agreement with previous studies, a higher abundance 

of pollinators and natural enemies were present in the forb strips compared to grass 

and woody strips.  

Although trees, shrubs, forest or woodlands may be undervalued in 

agricultural land due to them being less attractive toward pollinators and supporting 

a lower abundance of floral assemblages (Baude et al., 2016),  they do supply organic 

matter in the form of woody debris and create food resources and habitats for 

detritivores (Barling and Moore, 1994; Parkyn, 2004). Various detritivores 

invertebrates are dependent on the inputs of litter in the form of woods, leaves and 

fruits for their diet requirement (Richardson, 1991) to carry out crucial ecological 

function such as decomposition and nitrogen release for plant uptake (Riutta et al., 

2012). For example, the presence of woody debris has been demonstrated to 

promote a higher abundance of Diplopoda and Isopoda (Zuo et al., 2014) and the 

abundance of dead wood in forest floor has been demonstrated to contribute to 

higher abundance and diversity of detritivores (Jonsson et al., 2005; Stokland et al., 

2012). The results of the current study reinforce the importance of woody strips in 

supporting significantly higher abundance of detritivores compared to grass and 

forbs strips. The current study also found a significant positive association between 

plant height and invertebrate richness in woody strips. Most of the tree species 

recorded in the current study were native species such as oak, elder and ash.  

Other than woody debris, the presence of detritivores is influenced by 

microclimatic gradients (Stasiov et al., 2012). Detritivores require wet soil to undergo 

vertical habitat shifts and to seek refuge inside soil layers (Wu et al., 2014) and 
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warmer  soil conditions can reduce their activity (Thakur et al., 2018). Trees influence 

habitat quality through the efficient capturing and dissipation of solar energy and 

limiting light penetration, which is crucial to provide cooler surface temperatures and 

increase soil moisture (Norris et al., 2012; Zuo et al., 2014).  

Invertebrates respond differently to the characteristics of the different 

vegetation types (Haaland et al., 2011). Although previous studies have reported the 

influence of grass habitats on terrestrial invertebrates (Danne et al., 2010; Alison et 

al., 2016), the current study found no significant differences in the composition of 

terrestrial invertebrate assemblages between buffers with grass and without a grass 

strip. However, there was significantly greater abundance of flies (Diptera) in riparian 

buffer that included a grass strips compared to riparian buffers that did not. Diptera 

have less restricted plant-specific requirements than other groups, and, Hegland and 

Boeke (2006) reported that hoverflies were less responsive to floral density, and 

remained longer in grass patches than other insect pollinators.  

In the current study, buffer width was significantly positively correlated with 

terrestrial invertebrate richness and diversity. This is consistent with previous studies 

and the promotion of wider buffers in agricultural management to improve 

terrestrial biodiversity and support more beneficial organisms (Lee et al., 2004; 

Marczak et al., 2010). Buffer widths greater than 5 m have been shown to be more 

beneficial for pollinators than 3.5 m buffer (Cole et al., 2015) and greater buffer 

widths have been suggested to be more capable of delivering a wider range of 

ecosystem services and improved habitat connectivity in agricultural landscape (Cole 

et al., 2012; Cole et al., 2015). 

The current study has demonstrated that forbs and woody strips have a 

greater impact on terrestrial invertebrate assemblages compared to grass strips. The 

combination of grass, forbs and woody strips (GFW buffer) was found to significantly 

enhance invertebrate richness and the abundance of Diplopoda. Combinations of 

forbs and woody strips (FW buffer) were found to significantly increase invertebrate 

diversity and the abundance of some beetles (e.g. Staphylinidae) and Isopoda, whilst 

the grass and forb (GF) combination showed the lowest invertebrate richness, 

abundance and diversity. Unsurprisingly, GF buffer showed significantly lower plant 

richness compared to GFW and FW buffers.  
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Different vegetation composition and structure, harbour different 

invertebrate assemblages due to distinct biotic and abiotic factors including 

differences in the availability of foraging resources and  habitat refuges (Haddad et 

al., 2009; Hof and Bright, 2010; Fusser et al., 2016; Duflot et al., 2017; Zhang et al., 

2019). Consequently, greater habitat complexity through the presence of more 

diverse vegetation will support more beneficial taxa (Cole et al., 2017). In agricultural 

systems, enhancing biological control, pollination and improving soil quality without 

reliance on chemical inputs (e.g. chemical fertilizer, insecticides, herbicide) may be 

facilitated through increasing plant species richness and habitat diversity (Hertzog et 

al., 2017). Low diversity habitat is vulnerable to pest attack and pest outbreaks (Dix 

et al., 1995), whereas higher habitat diversity and heterogeneity can lead to 

increased beneficial arthropod diversity (Wilby et al., 2006). Species that use multiple 

habitats in their life cycle be can sustained in more complex habitats as they meets 

their resource requirements (Srivastava, 1999; Purtauf et al., 2005; Cole et al., 2015; 

Cole et al., 2017). 

 

3.5 Implication 

Riparian margins clearly have potential benefits to biodiversity and agricultural 

productivity especially those containing forbs and woody vegetation. Retaining grass, 

forbs and woody strips in a riparian buffer is a good agricultural management 

strategy to increase habitat heterogeneity and thereby support more beneficial 

invertebrates. Wide riparian buffers are essential for the delivery of greater 

ecosystem services in agricultural landscapes. The simplification of agricultural 

landscapes through reduced crop rotation and increased monoculture has been a 

major driver for the decline of farmland biodiversity (Hendrickx et al., 2007; 

McCracken et al., 2012). Therefore, enhancement of a greater habitat complexity by 

increasing non-crop area (e.g. riparian buffer, field margin) and floral diversity, 

including trees, could contribute to increased ecosystem services delivery and 

sustainable agricultural practice. The value of riparian buffer zones to agricultural 

production will be determined depending on the availability of pollinators for crop 

pollination, the role of detritivores in enhancing soil fertility and the role of natural 
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enemies in controlling pest populations. All three functional groups ς pollinators, 

natural enemies and detritivores ς are enhanced by maintaining landscape 

heterogeneity through having diverse vegetation types and more complex habitat 

structure. 
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CHAPTER 4 

How does vegetation composition of riparian buffers affect 

input of sediment, sediment-associated contaminants and 

aquatic macroinvertebrate assemblages in arable landscape? 

  

4.1 Introduction 

Riparian buffer strips are important features in agricultural landscapes that link 

terrestrial and aquatic ecosystems. The research reported in this chapter, 

complements Chapter 3 by focusing on the influence of vegetated riparian buffers on 

the transport of particle-associated nutrients from agricultural fields and the impacts 

they may have on stream macroinvertebrate assemblages. 

Agriculture activity is one of the main sources of freshwater ecosystem 

impairment globally (Yuhong et al., 2010; Sherriff et al., 2015). Agricultural practices 

can result in the discharge of large amount of agrochemicals, nutrients and sediment 

into water bodies, which threaten the structure and functioning of aquatic 

ecosystems (UNEP, 2016; FAO and IWMI, 2017). Agriculture has been widely 

documented to accelerate soil erosion (Sherriff et al., 2015), increase soil 

degradation (Montgomery, 2007), increase suspended sediment runoff to 

freshwaters (Sherriff et al., 2015) and be responsible for higher concentrations of 

nitrogen and phosphorus in groundwater (FAO, 2013; Rickson, 2014). Soil erosion 

reduces soil fertility, soil productivity and the nutrient content in topsoil (POST, 

2006). About 2.2 to 2.9 million tonnes of topsoil eroded annually in UK (POST, 2006; 

DEFRA, 2009; Graves et al., 2012). The estimated cost of damage to stream 

ecosystems caused by soil erosion in the UK was £21.17 million per year (Rickson, 

2014). Controlling sediment delivery to agricultural streams must be an integral part 

of soil management system as, not only do sediments alter habitat quality, but 

nutrients and pesticides are transported on fine grained particles from agricultural 

land (Walling and Owens, 2003; Montgomery, 2007).  
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The excessive supply of fine particles (<125 µm) and associated pollutants are 

detrimental to aquatic ecosystems (Sheriff et al., 2015; Hauer et al., 2018). Increased 

fine sediment input increases turbidity, decreases light penetration, smoothers and 

reduces benthic habitat heterogeneity (Kondolf, 1997; Wood and Armitage, 1997; 

Collins et al., 2011; Kemp et al., 2011; Sheriff et al., 2015; Hauer et al., 2018). The 

structure of stream macroinvertebrate communities is linked to the composition of 

benthic substrates (Beisel et al., 2000; Hauer et al., 2018). Some macroinvertebrate 

species require large substrates to feed on biofilms (e.g. snails), some species feed 

on organic matter (e.g. mayfly larvae, caddisfly larvae), burrowing species (e.g. 

oligochaetes and dipteran larvae) require fine sediment (Hauer et al., 2018) and 

many have preferences for particular substrate types (e.g. gravel, sand) 

demonstrating the importance of benthic habitat heterogeneity (Schröder et 

al., 2013; Hauer et al., 2018).  

Fine sediments in streams may be associated with significant concentration 

of nitrogen and phosphorus derived from soil erosion (Garzon-Garcia et al., 2016). 

Nutrient-adsorption is greater for smaller sized particles (i.e. silt and clay) due to their 

high surface area and high charge density (Parker et al., 2018). Nitrogen and 

phosphorus from agricultural runoff can impair stream quality and cause significant 

eutrophication, resulting in excessive growth of algae, loss of freshwater biodiversity 

and shifting food chain structure (Smith et al., 1999; Tilman, 1999, Withers and Lord, 

2002; Weissteiner et al., 2013; Cao et al., 2018). Excessive algal growth and 

subsequent decomposition will severely reduce water quality and affect diurnal 

oxygen concentrations, leading to the mortality of numerous aquatic taxa (Chislock 

et al., 2013). Thus, soil preservation will be priority in controlling diffuse pollution 

losses to prevent nutrient and sediment transfer to agricultural streams (Ockenden 

et al., 2014; Rickson, 2014). 

Various studies have shown the effectiveness of riparian buffers in reducing 

sediment and nutrient input into the stream (Blanco-Canqui et al., 2004; Swanson et 

al., 2017; Luke et al., 2018; Chellaiah and Yule 2018). Reported retention rates of soil 

particles, nitrogen, and phosphorus in riparian buffers are as high as 97%, 85%, and 

84%, respectively (Osborne and Kovacic, 1993; Polyakov et al., 2005; Weissteiner et 

al., 2013). Riparian buffers reduce agricultural nonpoint source pollution by 
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increasing soil infiltration, surface roughness, and interception of runoff and 

associated sediment and pollutants (Dosskey et al., 2010; Bradshaw et al., 2012; 

Alemu et al., 2017). In addition, riparian buffers can impact aquatic ecosystems 

through increasing shading and terrestrial litter input, which will affect food and 

habitat quality and shift aquatic biotic assemblages towards forest stream 

assemblages, which is deemed important for certain ecosystem functions (Covich et 

al., 2004; Orzetti et al., 2010; Bradshaw et al., 2012). Riparian buffers can provide 

cost-effective management interventions for limiting the amount of agriculture-

derived contamination delivered to adjacent water bodies (Dorioz et al., 2010; 

Schoumans et al., 2011). 

The efficiency of riparian buffers in protecting aquatic ecosystems depends 

on various factors including landscape characteristics (e.g. land use type, slope), 

vegetation composition (e.g. grass, forbs or woody) and buffer width (Yuan et al., 

2009; Dosskey et al., 2010). The influence of different types of vegetation on soil 

stabilization, nutrient uptake, organic matter supply, sediment retention, pollutant 

transport and biological process within riparian buffers, varies considerably due to 

variation in the form, size, longevity, litter quality, and growth rate of plant species 

(Naiman and Decamps, 1997; Schultz et al., 2004; Dosskey et al., 2010; Liu et al., 

2018).  

Grass strips are efficient for controlling sediments load from surface runoff to 

stream and other water bodies (Fischer and Fischenich, 2000; Milberg et al., 2016). 

For example, vetiver grass (Chrysopogon zizanioides) has been promoted by World 

Bank as a low-cost and effective intervention for soil and water conservation in 

developing countries (Dalton et al., 1996). Grass strips able to increase the deposition 

of sediment within riparian buffer by increasing resistance to flow and decreasing 

flow velocity and hence, reduce the input of particle-associated contaminants into 

water bodies (Akram et al., 2015). 

Herbaceous or forbs vegetation are recognized to have a major influence on 

soil structure and permeability and may have a greater potential to filter sediments 

in overland runoff transport than grass (Dorioz et al., 2010). Previous studies have 

reported that herbaceous buffer strip reduced the total suspended solid, total 

phosphorus and nitrate-nitrogen load by 94%, 99% and 85% respectively, due to their 
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high infiltration rate, ability to absorb nutrients and increased resistance to surface 

runoff (Helmers et al., 2008; Alemu et al., 2017). 

Forested buffers enhance in-stream habitat quality by providing shade, 

lowering stream temperature, increasing dissolved oxygen content and supplying 

organic matter to the stream in the form of leaf material and woody debris, which 

can create food resources and habitats for in-stream fauna (Barling and Moore, 1994; 

Parkyn, 2004; Hawes and Smith, 2005). For example, it has been reported that 93% 

of organic matter in streams is contributed by riparian forests annually (Dosskey and 

Bertsch, 1994; Dosskey et al., 2010). Riparian shrubs and trees also reduce the 

particle load from stream bank erosion (Fischer and Fischenich, 2000; Milberg et al., 

2016).  

Heterogenous riparian buffers may be more efficient than homogenous 

buffers in reducing stream contamination due to the fact that pollutant removal 

capability differs between different vegetation types (Fischer and Fischenich, 2000; 

Schoumans et al., 2011). In addition, wider riparian buffers may be more effective 

and reliable in controlling pollutant and sediment input into the streams than narrow 

buffers (Sweeney and Newbold, 2014). For example, 30 m buffer strips have been 

found to be more efficient in trapping sediment (approximately 85% removal) 

compared to 10 m buffer strips (approximately 65% removal) (Sheridan et al., 1999; 

Ziegler et al., 2006; Dunn et al., 2011). 

Since surface runoff is responsible for inputs of particle-associated 

contaminants from cropland into streams, understanding the functioning of each 

vegetation type (i.e. grass, forbs and woody) in riparian buffer with respect to surface 

runoff and associated contaminants (i.e. sediment, nitrogen, phosphorus) is vital to 

improve the ecological quality of streams in agricultural landscapes (Baker et al., 

2001; Dorioz et al., 2006). However, detailed information on the effectiveness of 

different types of riparian buffers on sediment trapping and nutrient removal 

efficiency are limited (Liu et al., 2008; Cao et al., 2018). In particular, field-based 

experiments investigating the performance of different vegetation types (i.e. grass, 

forbs and woody) within riparian buffers on the transport of material between 

agricultural and aquatic ecosystems are very limited. Thus, the purpose of this study 

was to evaluate the effectiveness of different vegetation types (i.e. grass, forbs and 
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woody) within riparian buffers, and the performance of different buffer type (i.e. 

grass plus forbs plus woody buffer (GFW vs GFW); forbs plus woody buffer (FW vs 

FW); and MIX buffer (GFW vs GF, GFW vs FW)) present in UK agricultural stream, on 

the transport of soil particle-associated nutrients from agricultural fields to adjacent 

water bodies and the potential impact on stream macroinvertebrate assemblages. 

Riparian buffer vegetation structure may influence stream macroinvertebrate 

assemblages by altering in-steam habitat and water quality due to the interception 

of soil particles and associated contaminants. The hypotheses addressed were: 

      

i) Denser vegetation structure has a greater capacity to retain soil particles 

by reducing flow resistance and water velocities (Muscutt et al., 1993; 

Leonard and Luther, 1995; Loaiza and Findlay, 2008; Ritchie, 2012). Grass 

and forbs have dense vegetation structure close to the soil surface and 

therefore are more effective in slowing surface runoff and trapping soil 

particles compared to woody vegetation (Schmitt et al., 1999; Fischer and 

Fischenich, 2000; Hawes and Smith, 2005; Dorioz et al., 2010). 

ii) Woody vegetation is more effective for nutrient removal than grass and 

forbs as it has greater infiltration capability and a deeper root system to 

trap and uptake nutrients (Lyons et al., 2000; Hawes and Smith, 2005). 

iii) Different type of vegetation have different structural and physiological 

characteristics that influence nutrient uptake, soil stabilization and hence 

stream water chemistry (Dosskey et al., 2010). Because pollutant removal 

capability differs between different vegetation types, diverse vegetation 

structure within riparian buffers is more efficient in protecting water 

courses (Fischer and Fischenich, 2000).  
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The specific research questions were therefore: 

 

i) How does soil deposition vary with vegetation type (grass, forbs or woody) 

within riparian buffer strips? 

ii) How does nutrient content vary with vegetation type (grass, forbs or 

woody) within riparian buffer strips? 

iii) How do stream macroinvertebrates assemblages vary under difference 

type of riparian buffers (grass plus forbs plus woody buffer (GFW vs GFW); 

forbs plus woody buffer (FW vs FW); and MIX buffer (GFW vs GF, GFW vs 

FW))? 

 

4.2 Methods 

4.2.1 Study area and sampling design 

This study was conducted in an agricultural landscape in Loddington, Leicestershire, 

UK during spring 2017. A total of 16 streams and 26 associated riparian buffers were 

used in soil deposition, soil nutrient and soil particle analysis (see Table 2.1 in section 

2.1.3). For stream macroinvertebrates analysis and stream physico-chemical 

characteristics, only 14 streams were available for the analysis. From 14 streams, 

there were 6 FW buffers, 4 GFW buffers and 4 MIX buffers.  

 

4.2.1.1 Soil deposition 

Soil deposition across riparian buffers was sampled using Astro turf mats that were 

deployed in each vegetation strip from December 2016 to February 2017 (Section 

2.1.4.3). Three mats were deployed per location (i.e. upslope, middle slope and 

downslope) per vegetation strip (i.e. grass, forbs and woody), giving a total of 27 mats 

for grass/forbs/woody (GFW) buffers, 18 mats for forbs/woody (FW), 18 mats for 

buffers grass/forbs (GF) (section 2.1.5.3). After deployment, all the remaining mats 

were brought to the laboratory and air dried for five weeks at room temperature 

(approximately 22°C). Air dried soil was removed by brushing carefully and then 

weighed to give a soil deposition measurement (g/cm2).  
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Soil samples collected from all three Astro turf mats deployed within a 

vegetation strip (i.e. grass, forbs or woody) at each location (i.e. upslope, middle 

slope or downslope) were combined to provide a single independent sample (e.g. soil 

deposited in grass strip upslope). Pooling was necessary due to minimum mass 

requirement for soil analysis (e.g. 0.5 g for soil nutrient analysis). Sampling locations 

where there was incomplete retrieval of Astro turf mats (i.e. less than three mats 

retrieved), were omitted from further analysis to prevent bias. 

 

4.2.1.2 Soil nutrient analysis 

Air dried soil samples were ground to a fine powder using an 8000M Mixer/Mill for 1 

minute and acid digested using a hydrogen peroxide method (adapted from Leake, 

1988) prior to nutrient content analysis (i.e. total nitrogen and total phosphorus). 

Hydrogen peroxide was used to remove organic matter and hydrochloric acid was 

used to remove calcium carbonate from the soil samples (see Table A.4.1 for detail 

procedure in nutrient analysis for total nitrogen and total phosphorus). 

Total nitrogen and total phosphorus were determined by spectrometry (CECIL 

CE 1020 machine). Optical density was read at 650 nm for total nitrogen and 882 nm 

for total phosphorus. Total phosphorus concentration was quantified using the 

ascorbic acid method (adapted from Leake, 1988). Nitrogen and phosphorus 

concentrations were calculated using equation 4.1, where Anm is absorbance of the 

digest (at 650 nm for N or 882 nm for P), V is total volume of digest (L), M is mass of 

soil sample digested (g) and n is the slope standard curve for nitrogen (nitrogen 

concentration as mg/L). 

╣▫◄╪■ ╝ ▫► ╟ ╬▫▪╬▄▪◄►╪◄░▫▪ 
═▪□Ȣ╥

╜Ȣ▪
  

          Equation 4.1 

 

4.2.1.3 Soil particle analysis 

Particle size distribution was assessed using the Malvern Mastersizer 3000 machine 

(laser diffraction principle) dry method. Air-dried soil samples were sieved using 2-

mm sieve before analysis and three spatulas (teaspoon size) of each sample were 

used for the analysis. Optical properties of materials used in this study were set at 
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refractive index = 1.577, particle absorption index = 0.100, particle name = clay. Then, 

ŀǾŜǊŀƎŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ Ŏƭŀȅ όŘƛŀƳŜǘŜǊΥ ƭŜǎǎ ǘƘŀƴ н ˃ƳύΣ ǎƛƭǘ όŘƛŀƳŜǘŜǊΥ н-рл ˃Ƴύ ŀƴŘ 

sand όŘƛŀƳŜǘŜǊΥ рл ˃Ƴ -нллл ˃Ƴύ ǎƛȊŜ ǿŜre printed out from the machine. 

 

4.2.2 Stream macroinvertebrate 

Aquatic macroinvertebrate assemblages in all 16 study streams were sampled by 

Freshwater Habitats Trust (FHT) in May ς June 2013 and May ς June 2015. Each site 

was sampled for 3 minutes using a 1-mm mesh hand-net (frame 0.26 m x 0.30 m). All 

samples were preserved in 70% IMS before being processed and identified to family 

level as part of the current study (Dobson et al., 2012). Taxa were assigned to 

functional feeding groups (collectors, predators, scrapers and shredders) following 

Merritt et al. (2008). 

 

4.2.2.1 Stream physico-chemical characteristics 

Data on stream physico-chemical characteristics were obtained from Freshwater 

Habitat Trust surveys conducted in spring 2013 and were: total nitrogen (mg/l), total 

phosphorus (mg/l), turbidity (NTU), pH, total suspended solid (TSS), conductivity 

(uS/cm) and nitrate (mg/l) (see Table A.4.2). Samples were analysed by the 

9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΩǎ bŀǘƛƻƴŀƭ [ŀōƻǊŀǘory Service. 

 

4.2.3 Statistical analysis 

One-way Analysis of Variance (ANOVA) was used to assess the effect of vegetation 

strip type (i.e. grass, forbs and woody) within riparian buffers and location (i.e. 

upslope, middle slope and downslope) on the amount and characteristics (total 

nitrogen, total phosphorus, percentage clay, sand and silt) of soil deposited on 

Astroturf mats and its trapping efficiency. Two sample t-tests were used to compare 

between different buffer complexity (i.e. GFW and FW) for the same response 

variables. 

The efficiency of each type of vegetation (i.e. grass, forbs and woody) and 

buffer (i.e. GFW, FW) for trapping soil, total nitrogen and total phosphorus were 

calculated using equation 4.2 where Vu is the amount of dry soil (g/cm2) / total 
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nitrogen (g/kg) /total phosphorus (g/kg) entering at the start (upslope) of vegetation 

strip or buffer and  Vd is the amount of dry soil (g/cm2) / total nitrogen (g/kg) /total 

phosphorus (g/kg) leaving at the end (downslope) of vegetation strip or buffer. 

 

                                                    Trapping efficiency =  
╥◊  ╥▀

╥◊
  

 Equation 4.2 

 

Multiple linear regression was performed to investigate the combined effect 

of plant height and vegetation strip width on soil deposition, total nitrogen, total 

phosphorus, percentage of clay, sand and silt and trapping efficiency. Linear 

regression was performed to investigate the effect of total width of GFW or FW 

buffers on soil deposition, total nitrogen, total phosphorus, percentage of clay, sand 

and silt and trapping efficiency. 

ANOVA analysis was used to analyse the buffer type effect (i.e. GFW, FW and 

MIX) on the abundance, taxon richness and functional feeding group abundance (i.e. 

predators, scrapers, collectors and shredders) of stream macroinvertebrates 

sampled in 2013. Paired sample t-test was used to compare the differences in 

abundance, taxon richness and functional feeding group abundance between 2013 

and 2015 for each buffer type. Prior to analysis, all abundance data were log 

transformed. Principal Component Analysis (PCA) on correlation matrix was used to 

compare assemblages (taxon abundance and functional groups) between buffer 

types (GFW, FW and MIX). Prior to PCA analysis, all taxa were grouped at order level 

and any order that accounted for less than 10% of the individuals at a site were 

excluded from the analysis within each buffer types. 

 

4.3 Results 

4.3.1 How does soil deposition vary with vegetation type (grass, forbs 

or woody) within riparian buffer strips? 

4.3.1.1 Soil deposition 

The mean amount of soil deposited in each vegetation type is illustrated in Figure 

4.1a. There was no significant difference in soil deposition between different 
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vegetation types (F2,6 = 0.35, p > 0.05) although on average, less soil was deposited 

in woody compared to grass or forbs strips. Figure 4.1b shows the difference in soil 

deposition within vegetation type. Moving from upslope to downslope, the amount 

of soil deposited decreased for grass and forb strips but not for except woody strips. 

However, there was no significant difference in soil deposition at different locations 

within vegetation type (F2, <22 < 1.20, p> 0.05) or between vegetation types for the 

same locations (F2, <19 < 0.70, p> 0.05). Soil trapping efficiency was highest for grass 

strips and lowest for woody strips (Figure 4.1c), but these differences were not 

statistically different (F2,18 = 2.42, p> 0.05). 

 

  

 
Figure 4.1 Mean (±1SE) of  a) soil captured in grass, forbs and woody strip, b) soil 
captured in grass (green), forbs (yellow) and woody (red) strip across upslope (1), 
middle slope (2) and downslope (3) and c) mean (±1SE) of soil trapping efficiency 
in grass, forbs and woody strips.  

 

 

 

a) 

 

 

b) 

 

 

c) 
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4.3.1.2 Soil particle size distribution 

The size distribution of soil particles deposited in each vegetation strip is illustrated 

in Figure 4.2a. Across all samples, 10% of the total volume of material comprised soil 

particles < нссΦр ˃ƳΣ рл҈ ŎƻƳǇǊƛǎŜŘ ǇŀǊǘƛŎƭŜǎ ǘƘŀǘ ǿŜǊŜ < фмнΦм ˃Ƴ ŀƴŘ фл҈ ǿŀǎ 

made up of particles < нллфΦр ˃ƳΦ  

Nearly 99.0% of soil deposited across all vegetation strip were sand particles, 

1.2 ς 1.8% were silt particle and 0.002% were clay particle (Figure 4.2b). There were 

highly significant difference in percentage of sand, silt and clay within each 

vegetation type (F2, >48 = 17,164, p< 0.001, but not between vegetation type for silt 

particles (F2, 62 = 0.40, p> 0.05). Clay particles were only deposited in woody strips and 

even then, only accounted for 0.002% of particles. 

 

  
Figure 4.2 a) Cumulative volume percentage of soil particle size from 1 ς нлмл ˃Ƴ 
(log scale) in grass (green dot), forbs (yellow dot) and woody (red dot) strip and, b) 
mean (±1SE) percentage (log scale) of sand (red line), silt (blue line) and clay (black 
line) in grass, forbs and woody strip. 

 

The relationship between soil deposition and percentage of sand, silt and clay 

was assessed by linear regression. Soil deposition was negatively related to the 

percentage of sand and positively related to the percentage of silt (F1,63 җ ноΦтмΣ Ǉғ 

0.001, adj. R2җ нт҈ύ όCƛƎǳǊŜ пΦоύΦ ¢ƘŜǊŜ ǿŀǎ ƴƻ ǎƛƎƴƛŦƛŎŀƴǘ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǎƻƛƭ 

deposition and percentage of clay (F1,63 = 0.03, p> 0.05, adj. R2җ лΦлл҈ύΦ 

 

a) 

 

 

b) 

 

 

b) 
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Figure 4.3 Relationship between soil deposition (g/cm2) with percentage of a) sand 
(y= 99.05-12.65x, R2= 0.27) and b) silt (y= 0.95+12.65x, R2= 0.28) 

 

4.3.1.3 Impact of buffer width and plant height  

Multiple linear regression was used to assess whether there was any significant 

impact of buffer width and plant height on the amount of soil deposited and on soil 

trapping efficiency.  

There was a significant positive relationship between plant height and soil 

deposition in grass strips (F1,15 = 6.93, p< 0.05, adj. R2= 24.88%) (Figure 4.4), but not 

in either forbs (F2,20 = 0.15, p> 0.05, adj. R2= 0%) or woody strips (F2,22 = 0.97, p> 0.05, 

adj. R2= 0%). There were no significant relationships between either plant height or 

buffer width and soil trapping efficiency in any vegetation type (F2,18 = 1.40, p> 0.05, 

adj. R2= 3.89%). 

 

 
Figure 4.4 Relationship between plants height and soil deposition (g/cm2) (y= 
0.02+0.14x, R2= 0.32) 

 

a) 
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4.3.1.4 GFW buffer vs FW buffer  

Soil deposition was greater in the FW buffer compared to GFW buffer (Figure 4.5a), 

but these difference were not statistically significant (t59 = 0.28, p> 0.05). Both buffer 

types had higher mean soil deposition upslope compared to downslope, resulting in 

83.97% and 58.37% reductions in soil deposition for the FW and GFW buffers 

respectively (Figure 4.5b). However, there was no significant difference in soil 

deposition from upslope to downslope for either buffer type (t5 < 1.63, p> 0.05).  

Trapping efficiency was greater for FW buffers than GFW buffers (Figure 4.1c), 

but this difference was not statistically significant (t8= 0.54, p> 0.05). There was no 

significant relationship between total buffer width and either soil deposition (F1,98 = 

1.41, p> 0.05, adj. R2җ лΦпм҈ύ ƻǊ ǎƻƛƭ ǘǊŀǇǇƛƴƎ ŜŦŦƛŎƛŜƴŎȅ όC1,9 = 2.51, p> 0.05, adj. R2җ 

13.13%). 

 

  

 
Figure 4.5 Mean of (±1SE)  a) soil captured in FW and GFW buffer, b) soil captured 
in GFW (green) and FW (yellow) across upslope (1) and downslope (2) and c) mean 
of (±1SE)  soil trapping efficiency in GFW and FW buffer strips. 

 

 

b) 

 

 

c) 

 

 

a) 
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4.3.2 How does nutrient content vary with vegetation type (grass, 

forbs or woody) within riparian buffer strips? 

4.3.2.1 Total nitrogen and total phosphorus (g/kg) 

Soil deposited in grass strips had the highest mean total nitrogen and total 

phosphorus concentrations, and soil deposited in woody strips had the lowest mean 

total nitrogen and total phosphorus concentrations (Figure 4.6a-b). However, there 

was no significant difference in either nitrogen or phosphorus concentrations 

between vegetation types (F2,62 Җ нΦтуΣ ǇҔ лΦлрύΦ  

Comparisons of nitrogen and phosphorus concentrations within vegetation 

type are presented in Figure 4.6c and 4.6d. There was no significant difference in 

total nitrogen and phosphorus across upslope, middle slope and downslope in grass 

(F2,14 Җ лΦфоΣ ǇҔ лΦлрύΣ ŦƻǊōǎ όC2,20 Җ лΦфнΣ ǇҔ лΦлрύ ŀƴŘ ǿƻƻŘȅ όC2,22 Җ мΦроΣ ǇҔ лΦлрύ 

strip. All vegetation showed no significant difference in mean total nitrogen and 

phosphorus at upslope (F2,19 Җ мΦнрΣ ǇҔ лΦлрύΣ ƳƛŘŘƭŜ ǎƭƻǇ όC2,18 Җ лΦпрΣ ǇҔ лΦлрύΦ Lƴ 

downslope, grass showed significantly higher mean of nitrogen compared to forbs 

and woody strip (F2,19 = 3.88, p< 0.05). All vegetation showed no significant difference 

in mean total phosphorus at downslope (F2,19 Җ мΦртΣ ǇҔ лΦлрύΦ 

Nitrogen trapping efficiency was highest for woody strips and lowest for grass 

strips (Figure 4.6e), whereas phosphorus trapping efficiency was highest for forbs 

and lowest for grass (Figure 4.6f). However, none of these differences were 

statistically significant (F2,18 Җ мΦолΣ ǇҔ лΦлрύΦ 

 

4.3.2.2 Transport of particle-associated nutrients from 

agricultural fields to streams 

Multiple linear regression was used to assess whether there was any significant 

impact of buffer width and plant height on the total nitrogen and phosphorus 

concentration and its trapping efficiency in grass, forbs and woody strips.  

There were significant negative relationships between plant height and both 

nitrogen and phosphorus concentrations of soil deposited in grass strips (F1,15 җ сΦммΣ 

p< 0.05, adj. R2 җ нпΦнм҈ύ όCƛƎǳǊŜ пΦт ŀ ŀƴŘ ōύΦ ¢ƘŜǊŜ ǿŀǎ ŀƭǎƻ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƴŜƎŀǘƛǾŜ 

relationship between plant height and total phosphorus concentration of soil 
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deposited in woody strips (F1,23 = 8.12, p< 0.05, adj. R2 = 22.88%) (Figure 4.7c). No 

other relationships with plant height or buffer width were statistically significant 

(F2,22 < 2.34, p> 0.05, adj. R2 = 10.83%). There was also no significant relationships 

between nutrient concentrations and soil characteristics (i.e. percentage of sand, silt 

and clay) (F1,63 Җ 3.04, p> 0.05, adj. R2=3.09). 

 

  

 
 

 
 

Figure 4.6 Mean of (±1SE)  a) total nitrogen and b) total phosphorus across c-d) 
upslope (1), middle slop (2) and downslope (3) in grass (green), forbs (yellow) and 
woody (red) strip, trapping efficiency of e) total nitrogen and f) total phosphorus 
in all vegetation strips. 

 

 

a) 

 

 

b) 

 

 

c) 

 

 

d) 

 

 

e) 

 

 

f) 
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Figure 4.7 Relationship between plants height with a) total nitrogen (g/kg) (y= 
30.38-16.87x, R2= 0.48) and b) total phosphorus (g/kg) (y= 1.51-0.49x, R2= 0.29) in 
grass strip, and relationship between plants height with c) total phosphorus (g/kg) 
(y= 1.92-0.14x, R2= 0.26) in woody strip. 

 

4.3.2.3 GFW buffer vs FW buffer 

Mean total nitrogen and phosphorus concentrations were slightly higher in GFW 

buffers than FW buffers, but the differences were not statistically significant (t<57 < 

1.46, p> 0.05) (Figure 4.8a). In GFW buffers, nitrogen and phosphorus concentrations 

on deposited soil were reduced by 33.47% and 8.40% respectively from the start to 

the end of the buffer strips (Figure 4.8b). In FW buffers, nitrogen concentrations 

increased by 4.4% across the buffer strip whereas phosphorus concentrations 

reduced by 16% (Figure 4.8c). However, there was no significant difference in 

nutrient concentrations between from start and end of either type of buffer strip (t<9 

Җ мΦруΣ ǇҔ лΦлрύΦ 

 

 

a) 

 

 

b) 

 

 

c) 
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Nitrogen trapping efficiency was higher for GFW than FW buffers (Figure 

4.8d), whereas the reverse was the case for phosphorus trapping efficiency (Figure 

4.8e). These difference were not statistically significant (t8 Җ лΦсуΣ ǇҔ лΦлрύΦ 

 

  

  

 
Figure 4.8 Mean (±1SE)  of a) total nitrogen (black bar) and phosphorus (white bar) 
concentration in GFW and FW buffer, b) total nitrogen (black line) and phosphorus 
(red line) at 1 (upslope) and 2(downslope) in GFW buffer, c) total nitrogen (black 
line) and phosphorus (red line) at 1 (upslope) and 2(downslope) in FW buffer, and 
trapping efficiency of d) nitrogen and e) phosphorus in FW and GFW buffer. 

 

 

 

a) 

 

 

c) 

 

 

e) 
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102 
 

4.3.3 How does stream macroinvertebrates assemblages vary under 

difference type of riparian buffers? 

Taxa richness, taxa abundance, Shannon Index and functional feeding groups 

(predators, collectors, scrapers and shredders) of stream macroinvertebrate were 

investigated across buffers with grass strip (GFW buffer), without grass strip (FW 

buffer) and mix of two different buffers (e.g. GFW vs GF, GFW vs FW) (MIX buffer). 

Macroinvertebrate data were available for 16 stream sites but physico-chemical data 

were only available for 14 stream sites in 2013. Analysis was therefore restricted to 

these 14 sites. 

 

4.3.3.1 Physico-chemical properties of stream 

Physico-chemical properties of stream sites grouped by buffer type are illustrated in 

Figure 4.9. Streams associated with MIX buffers had the lowest total nitrogen (mg/L), 

total phosphorus (mg/L) and total suspended solids (mg/l) concentrations as well as 

the lowest turbidity (NTU). Streams associated with FW buffers had the lowest pH 

and conductivity (µS/cm), whereas streams associated with GFW buffers had the 

lowest nitrate (mg/L) concentration. However, only differences in pH were 

significantly different across buffer types (F2,11= 4.46, p< 0.05). 
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Figure 4.9 Mean(±1SE)  of a) total nitrogen, b) total phosphorus, c) turbidity, d) 
TSS, e) pH, f) conductivity and g) nitrate in GFW, FW and MIX buffer in 2013. Means 
having different letter are significantly different (Tukey test p < 0.05). 

 

a) 

 

 

b) 

 

 

c) 

 

 

d) 

 

 

e) 

 

 

f) 

 

 

g) 
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4.3.3.2 Taxa richness, abundance and Shannon Index 

A total 19,825 stream macroinvertebrates belonging to 53 taxa were identified in 

samples collected in 2013. Streams adjacent to MIX buffers had the highest taxa 

richness and diversity of stream macroinvertebrates, while those adjacent to FW 

buffers had the highest abundance of stream macroinvertebrate (Figure 4.10 a-c). 

There was a significant difference in diversity index of stream macroinvertebrates 

across all buffer types (F2,11= 7.71, p< 0.05), but not in taxa richness or abundance 

(F2,11Җ лΦрлΣ ǇҔ лΦлрύΦ !ƴŀƭȅǎƛǎ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ǘŀȄŀ ǎŀƳǇled indicated that only 

gastropods abundance (F2,11= 5.24, p< 0.05) differed significantly between buffer 

types, with higher abundance of gastropods in streams with FW buffers (Figure 

4.10d). The abundances of the remaining taxa (Amphipoda, Annelida, Arachnida, 

Coleoptera, Entognatha, Ephemeroptera, Heteroptera, Diptera, Plecoptera, 

Tricladida, Isopods, Megaloptera and Nematoda) did not differ significantly between 

buffer types (F2,11Җ оΦлтΣ ǇҔ лΦлрύΦ 

Regarding functional feeding groups, streams with MIX buffers had the 

highest abundance of shredders and predators, while streams with FW buffers had 

the highest abundance of collectors and scrapers (Figure 4.11). However, only the 

abundance of shredders was significantly different across all buffer types (F2,11= 6.24, 

p< 0.05). 

There was no significant relationship between buffer width and any of the 

following: taxa richness, abundance, diversity and functional group abundance of 

stream macroinvertebrate (F1,12Җ нΦнфΣ ǇҔ лΦлрΣ ŀŘƧΦ w2Җ фΦлнύΦ 
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Figure 4.10 Mean(±1SE)  of a) taxa richness, b) abundance, c) diversity index and 
d) gastropods abundance of stream macroinvertebrates in GFW, FW and MIX 
buffer. Means having different letter are significantly different (Tukey test p < 
0.05). 

 

 
Figure 4.11 Mean (±1SE) abundance of collectors (black bar), predators (red bar), 
shredder (blue bar) and scrapers (green bar) in GFW, FW and MIX buffer. Means 
having different letter are significantly different (Tukey test p < 0.05). 

 

a) 

 

 

b) 

 

 

c) 

 

 

d) 
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A Principal Component Analysis (PCA) of macroinvertebrate communities in 

streams with GFW, FW and MIX buffers sampled in 2013 explained 43.3% of variation 

with the first two components (Figure 4.12a). There was a separation of stream types 

along PC1. Ephemeroptera (0.43) had the largest positive association, whereas 

Heteroptera (-0.33) had the largest negative association with PC1. Tricladida 

(flatworms) had the largest positive association (0.53) and Trichoptera had the 

largest negative association (0.29) with PC2 (Figure 4.12b). The abundance of 

functional feeding group (collectors, predators, scrapers and shredders) within 

streams with GFW, FW and MIX buffers explained 66.5% variation in the first two 

components in 2013 (Figure 4.12c). There was a clear separation between streams 

with MIX and FW buffers. Predators (0.69) had the highest positive association and 

scrapers (-0.40) had the largest negative association in PC1. For PC2, collectors (0.78) 

and scrapers (0.62) showed the largest positive association, meanwhile shredders (-

0.01) showed the highest negative association (Figure 4.12d). 

 

  

  
Figure 4.12 Principal component analysis (PCA) of a) stream macroinvertebrate in 
streams with GFW (green), FW (red) and MIX (blue) buffer with b) loading plot of 
stream macroinvertebrate communities, and c) functional feeding group in GFW 
(green), FW (red) and MIX (blue) buffer with d) loading plot of functional group in 
year 2013. 

a) 

 

 

c) 
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4.3.3.3 Habitat quality association with aquatic 

macroinvertebrate assemblage 

Linear regression analysis was used to investigate the effect of nutrients 

concentration (total nitrogen (mg/l), total phosphorus (mg/l), nitrate (mg/l)) on 

aquatic macroinvertebrate (year 2013) taxa richness, abundance, diversity index and 

functional group (i.e. collectors, predators, scrapers and shredders). There were no 

significant relationships between either total nitrogen or nitrate and the following 

response variables: aquatic macroinvertebrate taxa richness, abundance, diversity 

index, the abundance of any functional group (F1,12Җ пΦнпΣ ǇҔ лΦлрΣ ŀŘƧΦ wҖ Җ мфΦфтύΦ 

There was a significant negative relationship between phosphorus concentration and 

shredder abundance (F1,12= 12.39, p< 0.05, adj. R2 =46.70) (Figure 4.13), but there 

were no other significant relationships (F1,12Җ лΦтфΣ p> 0.05, adj. R2 =0). 

 
Figure 4.13 Relationship between total phosphorus (mg/l) with log abundance of 
shredders (y= 1.43-2.40x, R2= 0.51) 

 

4.3.3.4 Comparison of 2013 and 2015 data 

A total of 13,325 stream macroinvertebrates belonging to 51 taxa were identified in 

samples collected in 2015 compared to 19,825 stream macroinvertebrates (53 taxa) 

for samples collected in 2013 (see Table A.4.3 for list of taxa collected in both stream 

categories and years). In 2015, streams with MIX buffers had the highest taxa 

richness, diversity, abundance of stream macroinvertebrate, collectors, predators 

and shredders. Meanwhile, streams with GFW buffers had the highest abundance of 
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scrapers (Figure 4.14). However, none of these differences were statistically 

significant (F2,11 Җ оΦфпΣ ǇҔ лΦ05).  

There was an increase in taxa richness and diversity from 2013 to 2015 for 

streams with GFW or MIX buffers but not for streams with FW buffers. There was a 

reduction in the abundance of predators and collectors and increased in the 

abundance of scrapers from 2013 to 2015 for all buffer types. Streams with GFW or 

MIX buffers had an increase in the abundance of shredders from 2013 to 2015 (Figure 

4.14). However, none of these between year differences were statistically significant 

(T<6 Җ тΦптΣ ǇҔ лΦлрύΦ 

EPT (E= Ephemeroptera, P= Plecoptera, T= Trichoptera) family richness 

provides an indicator of water quality. The greater the EPT family richness, the higher 

the water quality (Hamid and Rawi, 2017). EPT family richness ranged from 2 to 11 

and from 2 to 12 in 2013 and 2015 respectively. Both EPT family richness and 

abundance increased from 2013 to 2015 and were highest for streams with MIX 

buffers (Figure 4.15). However, there was no significant differences in EPT family 

richness and abundance across buffers (F2,11Җ оΦнфΣ ǇҔ лΦлрύ ƻǊ ōŜǘǿŜŜƴ ȅŜŀǊǎ ό¢14Җ 

1.78, p> 0.05).  

There were significant negative relationships between EPT family richness 

and either total nitrogen or nitrate concentrations (F1, 12җ тΦфуΣ Ǉғ лΦлрΣ ŀŘƧΦ w2җ 

34.92%), and a significantly positive relationship with pH (F1, 12= 5.93, p< 0.05, adj. 

R2= 27.48%). There was also a significantly negative relationship between EPT 

abundance and turbidity (F1, 12= 5.40, p< 0.05, adj. R2җ нрΦну҈ύ όCƛƎǳǊŜ пΦмсύΦ 
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Figure 4.14 Mean(±1SE) of a) taxa richness, b) diversity, c) abundance, d) 
collectors, e) predators, f) scrapers and g) shredders in GFW, FW and MIX buffer in 
2013 (black bar) to 2015 (white bar).  

 

 

 

  

a) 

 

 

b) 

 

 

c) 
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Figure 4.15 Mean(±1SE)  of a) EPT family richness and b) EPT family abundance (log 
scale) in GFW, FW and MIX buffer in 2013 (black bar) to 2015 (white bar). 

 

 

  

  
Figure 4.16 Relationship between a) total nitrogen (mg/l) (y= 9.22-0.52x, R2= 0.47), 
b) nitrate (mg/l) (y= 8.50-0.47x, R2= 0.40), c) pH (y= -30.64+4.49x, R2= 0.33) with 
EPT family richness, and d) relationship between turbidity (BTU) and EPT log 
abundance (y= 2.03-0.02x, R2= 0.31) in 2013. 

 

a) 

 

 

b) 

 

 

b) 

 

 

d) 

 

 

c) 

a) 

 

 



111 
 

4.4 Discussion 

Vegetated riparian buffers may influence stream macroinvertebrate assemblages by 

altering the transport of agricultural soils and associate nutrients to streams, which 

can affect habitat and water quality. The aim of the work presented in this chapter 

was to evaluate the effects of the vegetation composition and physical structure of 

riparian buffers on the transfer of soil to streams and on adjacent stream 

macroinvertebrate assemblages.  

 

 The specific research questions were therefore: 

 

i) How does soil deposition vary with vegetation type (grass, forbs or woody) 

within riparian buffer strips? 

ii) How does nutrient content vary with vegetation type (grass, forbs or 

woody) within riparian buffer strips? 

iii)  How does stream macroinvertebrates assemblages vary under difference 

types of riparian buffers? 

 

The three vegetation types present in riparian buffers that were investigated 

were grass, forbs and woody vegetation. Buffers were zoned with grass strips being 

adjacent to field margins and woody vegetation being adjacent to the stream edge. 

Soil deposition reduced by 40% from the grass strip (0.05 g/cm2) to the woody strip 

(0.03 g/cm2), indicating that the grass and forbs strips were effective at trapping soil 

particles. However, because the buffer strips are zoned, two factors are changing 

across the buffer, vegetation type and distance from source (i.e. field). According to 

Ziegler et al. (2006), soil trapping in riparian buffers generally occurs within the first 

10 m of the buffer, with the first 5 m to 10 m of riparian buffer potentially trapping 

nearly 95% of material (Ritchie, 2012). Previous studies have reported that grass is 

efficient in trapping soil particles from surface runoff (Dabney et al., 1993; Meyer et 

al., 1995; Lee et al., 2003). In agreement with these previous studies, the current 

study, demonstrated that grass strips had a greater soil trapping efficiency ability 

than woody strips. Grass has dense vegetation structure and root mats which are 
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more effective in slowing surface runoff and trapping soils compared to woody strips 

(Schmitt et al., 1999; Fischer and Fischenich, 2000; Hawes and Smith, 2005; Dorioz et 

al., 2010). 

High intensity agricultural activity will contribute to greater soil loss 

particularly in high erosion risk area (e.g. steep slope, sparsely vegetated area, high 

rainfall) (EUROSTAT, 2018; Nguyen and Pham, 2018). The average amount of soil 

deposited in GFW and FW buffers was equivalent to 32 t/ha/year (0.08 g/cm2 in 3 

months) and 40 t/ha/year (0.10 g/cm2 in 3 months). Soil erosion between 10 - 50 

t/ha/year considered as high-level erosion (Nguyen and Pham, 2018) and the rates 

measured in this study were greater than the mean rate of soil loss EU arable land 

(i.e. 2.7 t/ha/year) (EUROSTAT, 2018). However, these estimates are likely to be 

overestimates as it is assumed that soil deposition rates are constant throughout the 

year, whereas in reality they will vary with crop stage and agricultural practices 

(Bullock, 2005; McKool and Williams, 2008; Sheil et al., 2009; Ghabbour et al., 2017).  

Mean total nitrogen and phosphorus concentration of deposited soil were highest 

for grass strips (TN: 22.30 g/kg; TP: 1.28 g/kg) and lowest for the woody strips (TN: 

1.28 g/kg; 1.12 g/kg). In addition, soil associated with high levels of deposition 

contained significantly more silt and less sand. Higher nutrient concentrations 

adsorbed to soil are generally associated with smaller particle size such as silt and 

clay (Parker et al., 2018). Smaller particles have a more nutrient binding sites per 

mass of soil due to their higher surface area to the volume ratio (Ockenden et al., 

2014). It is likely therefore, that the higher nutrient concentrations associated with 

soil deposited in grass strips, was due to their higher silt content. The nutrient load 

trapped in riparian buffer also depends on total mass of soil being trapped (Ockenden 

et al., 2014). Once nutrients are trapped, they may either accumulate or be 

transformed within the riparian buffer, depending on their interaction with specific 

plants or microorganism or their biogeochemical reactivity (Dorioz et al., 2010). 

Woody vegetation is generally more efficient at removing nutrients from surface 

runoff due to higher infiltration ability and deeper root system (Vought et al., 1994; 

Lyons et al., 2000). 

The current study also demonstrated that increasing plant height was 

significantly associated with reduced total nitrogen and total phosphorus 
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concentrations in deposited soil. Taller vegetation and more dense vegetation strips 

imped water flow and reduce water velocity, allowing more water infiltration and 

more nutrients and soil to be retained in the riparian buffer strips (Wilson, 1967; 

Dillaha et al., 1986; Corley et al., 1999; Liu et al., 2008).  

Riparian buffer effectiveness has been documented to improve aquatic 

ecosystem by controlling sediment delivery into the streams (Borin et al., 2005; Miller 

et al., 2015). In the current study, the presence of riparian buffers (i.e. either FW or 

GFW buffer type) reduced the input of eroded soil and associated nutrients into 

adjacent streams. Moreover, streams with MIX buffers had a significantly higher 

diversity of stream macroinvertebrates and greater abundance of shredder than 

streams with FW or GFW buffers. Streams with MIX buffers also had higher mean 

taxa richness, predator abundance, EPT family richness and EPT abundance, and 

lower mean total nitrogen, total phosphorus, turbidity and TSS. Meanwhile, 

significantly higher gastropod abundance and lower pH values were recorded for 

streams with FW buffers. These results reflect differences in the ability of different 

types of riparian buffer to transport particle-associated nutrients into streams as 

reported previously (Dosskey et al., 2010; Yirigui et al., 2019). Increasing habitat 

heterogeneity in agricultural landscapes, particularly in riparian buffers has been 

promoted as an on-farm management tool (Haycock et al., 1997; Viaud et al., 2004; 

Schoumans et al., 2011). Our results suggest that, more heterogeneous buffer 

landscape features (i.e. MIX buffer) have a higher capacity to trap particle-associated 

contaminants from cropland to streams, and consequently to reduce the impact of 

agricultural practices on stream macroinvertebrate communities (Lee et al., 2003; 

Schoumans et al., 2011). 

Stream macroinvertebrates are sensitive to changes in water quality and 

many stream ecosystems are dependent on the vegetation characteristics of 

adjacent terrestrial habitats (Boothroyd et al., 2004; Suga and Tanaka, 2013). Higher 

stream macroinvertebrate diversity is often associated with riparian buffers and 

higher habitat complexity (Kovalenko et al., 2012; Yirigui et al., 2019). Complex 

habitat structure provides diverse substrates, food sources and environmental 

conditions (e.g. shade and thermal buffer, stream bank stability) (Pusey and 

Arthington, 2003; Beltrao et al., 2009). Various forms of allochthonous inputs 
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contribute to the success and distribution of stream macroinvertebrate species 

(Death and Winterbourn, 1995; Hein et al., 2003; Shilla and Shilla, 2012). 

Consequently, stream macroinvertebrate communities will be potentially impacted 

by differences in buffer vegetation type, structure and complexity (Zhu et al., 2017; 

Yirigui et al., 2019).  

The EPT orders are widely used in water quality biomonitoring programme 

due to their sensitivity to water pollution (Masese and Raburu, 2017). More EPT 

families and a great abundance of EPT taxa were associated with streams with MIX 

buffers than streams with GFW or FW buffers, suggesting that water quality was 

higher for streams with MIX buffers. Across all buffer types, there was an increase in 

EPT family richness and abundance from 2013 to 2015, indicating a general 

improvement in water quality over this time period. Reduced EPT family richness and 

abundance was significantly associated with decreased pH and increased total 

nitrogen concentration, nitrate concentration and turbidity. In addition, reduced 

shredder abundance was associated with higher total phosphorus concentrations. 

These results suggest that riparian buffers, particularly heterogenous buffers (i.e. 

MIX buffer), improve instream water quality by intercepting nutrient and other 

pollutants associated with eroded soil and that removal capability differs between 

different vegetation types (Fischer and Fischenich, 2000; Schoumans et al., 2011).  

 

4.5 Implication 

The use of riparian buffers to reduce the impacts of agricultural practices on stream 

ecosystems is highly recommended. Optimising buffer design requires knowledge 

about the appropriate width, vegetation assemblage (mix of grass, forbs and tree), 

layout, and buffer length needed to protect water quality, stabilize stream banks and 

provide habitat for wildlife. Difference types of vegetation vary in their ability to trap 

particles and sequester pollutants. Therefore, having more diverse vegetation in 

riparian buffers will enhance their ability to reduce the transport of eroded soil and 

associated contaminants to aquatic systems and hence improve aquatic 

macroinvertebrates assemblages.  
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CHAPTER 5 

How does polyculture and monoculture farming practices 

affect terrestrial invertebrate assemblages in oil palm 

landscape? 

 

5.1 Introduction 

The importance of riparian buffers in enhancing terrestrial biodiversity and 

protecting UK streams from the adverse effects of agricultural runoff were discussed 

in Chapter 3 and Chapter 4. Landscape heterogeneity, in the form of the composition 

and structure of riparian buffers, was an important determinant of the biodiversity 

and functioning of terrestrial and aquatic systems, and hence their ability to deliver 

ecosystem services. The UK study was performed in an arable landscape with 

extensive riparian buffers and monoculture crops. However, other farming systems 

may lack riparian buffers and may incorporate both monoculture and polyculture 

farming systems. This raises the question of how applicable the findings from the UK 

study are to other farming systems. To address this question, a comparative study 

was undertaken focussing on smallholding oil palm plantations in Malaysia. The oil 

palm plantations had negligible riparian buffers but landscape heterogeneity was 

provided by different cropping systems. The effects of smallholding oil palm 

management practices on terrestrial invertebrate assemblages are presented in this 

chapter and effects on soil transport and aquatic assemblages are presented in 

Chapter 6. 

Oil palm is well-known as one of the most productive agriculture commodities 

in tropical regions (Gray et al., 2015). It is mainly grown in Africa, Asia and Latin 

America. Global oil palm plantation has increased from 10 to 17 million hectares 

within 12 years (2000 - нлмнύ ǿƘƛŎƘ ƛǎ ƴƻǿ ōŜŎƻƳƛƴƎ мл҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǇŜǊƳŀƴŜƴǘ 

crop area (Pirker et al., 2016). Indonesia (58%) and Malaysia (29%) accounted for 

approximately 87% of oil palm production at global (Vijay et al., 2016; POA, 2017). 

Oil palm is produced by combination of large-scale commercial plantation and 

smallholdings. Expansion of this commodity supplies estimated to trigger 1.37 billion 
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hectares of suitable vacant land concentrated on tropical (Pirker et al., 2016). 

Approximately 410 - 570 million hectares of Southeast Asia open forest are in 

constant peril for oil palm expansion (Fitzherbert et al., 2008; Shimizu and 

Desrochers, 2012; Pirker et al., 2016; Vijay et al., 2016). This number is expected to 

continue rising due to higher demand worldwide (FAO, 2016). 

The loss of biodiversity associated with the conversion of primary forest to oil 

palm is well documented, particularly in a large-scale oil palm (Fitzherbert et al., 

2008; Danielsen et al., 2008; Lee et al., 2013; Vijay et al., 2016). Fragmentation of the 

forest, and reduced connectivity with other fragmented natural habitats, resulting 

from large-scale oil palm plantation poses a major risk to most vertebrates by limiting 

the mobility and foraging areas (Danielsen et al., 2008). The continuous 

intensification of oil palm is also responsible for reducing arthropod diversity by 

changing plant species composition and abundance (Kirmer et al., 2008; Batary et al., 

2012). Changes in the extent, composition and density of vegetation influences 

invertebrates assemblages by limiting food sources and habitat, and impacts on key 

functions including nutrient cycling, the decomposition process, pollination and prey-

predator services (Elshout et al., 2014; Syafiq et al., 2016). Enhancing invertebrate 

biodiversity is crucial to safeguarding the long-term viability of oil palm. 

Farming practices that encourage landscape heterogeneity and complexity 

help to deliver positive effects on both biodiversity and economic yield in oil palm 

plantations (Tscharntke et al., 2012; Fahrig et al., 2015). Complex landscape structure 

is associated with different land cover types and vegetation densities, providing a 

diversity of habitats that sustain a range of species (Gagné and Fahrig, 2011; Fahrig 

et al., 2015). Heterogeneity in oil palm plantations may be increased by growing 

multiple crops (i.e. polyculture) or by encouraging diverse ground vegetation. For 

example, polyculture supports greater floristic diversity compared to monoculture, 

and able to provide greater food resources, niches and refugees for beneficial 

invertebrates (Malézieux et al., 2009; Yahya et al., 2017). Pollination and biological 

pest control services are mostly provided by terrestrial invertebrates and are vital in 

agro-ecosystem to provide sustainable cropping systems. Previous studies have 

reported that greater crop diversity can improve pest control and reduce yield loss 

by supporting greater natural enemy populations (Zhao et al., 2013).  
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Although polyculture is predicted to support more biodiversity in agricultural 

landscapes through increasing landscape heterogeneity, very few studies have 

investigated the effect of polyculture practices on biodiversity in oil palm landscapes 

(Bawa et al., 2011; Ghazali et al., 2016; Asmah et al., 2017). Information on the extent 

to which polyculture can improve terrestrial invertebrate biodiversity is very limited, 

particularly in oil palm systems lacking riparian buffers. Moreover, limited 

information is available on the effect of ground vegetation and management 

practices in monoculture smallholder plantations on terrestrial biodiversity, 

compared to large scale oil palm plantation (Lee et al., 2013). 

The aim of the research described in this chapter was to investigate the effect 

of different smallholding oil palm management practices (i.e. intensive monoculture, 

less-intensive monoculture and polyculture) on terrestrial invertebrates. 

Invertebrates are important to the functioning of the oil palm plantation. They play 

an important role in the control of pests and decomposition processes and are 

important pollinators of both crop and non-crop plants.  

The study addressed three hypotheses: 

 

i. Increasing the intensity of agricultural activity reduces biodiversity 

(Tscharntke et al., 2005), but polyculture farming practices are able to 

support more terrestrial invertebrate species than monoculture farming 

practice (Bawa et al., 2011; Ghazali et al., 2016). 

ii. Polyculture supports more plant diversity than monoculture (Yahya et al., 

2017). 

iii. Higher plant species richness and vegetation cover supports more diverse 

terrestrial invertebrate assemblages (Schindler et al., 2011; Ebeling et al., 

2018). 

 

 

 

 

 

 



118 
 

The specific research questions were therefore: 

 

i. How do invertebrate communities vary under different management 

regimes?  

ii. How do plant communities vary under different management regimes?  

iii. What is the association between understory vegetation and invertebrate 

communities? 

 

The research questions were addressed by conducting field studies in two different 

seasons (dry and wet season).  

 

5.2 Methods 

5.2.1 Study area 

This study was conducted in smallholder oil palm plantations located in Selangor, 

Malaysia. The study area was between Simpang Lima and Pasir Panjang, located 

within a 5 km radius of the village of Kampung 10, Sekinchan (see Section 2.2.3 ς 

2.2.4). A total of 21 smallholder oil palm plots were studied across three different 

management practices (i.e. intensive monoculture, less-intensive monoculture and 

polyculture) in both the dry (August to September 2017) and wet season (November 

to December 2017). Plots were surveyed for terrestrial invertebrates and plant 

species. 

 

5.2.2 Invertebrate sampling  

Ground-dwelling invertebrates were sampled using pitfall traps and invertebrates 

associated with vegetation were sampled using a sweep-netting method. 

Invertebrates were sampled both within plot field margins (where there was no 

crop), and inside the crop. The average width of plot margins was 1.9 m (range 0.7 m 

ς 4.5 m) and samples were taken up a distance of 20 m inside the cropped area. Each 

survey area was therefore approximately 20.25 m long (i.e. parallel to plot boundary) 

by 21.90 m wide (i.e. perpendicular to plot boundary). 



119 
 

Each pitfall trap consisted of an 8-cm diameter plastic cup containing 

approximately 50 ml of nontoxic anti-freeze (propylene glycol based). Traps were 

sunk into the ground so that the top of the cup was flush with the soil surface. Each 

trap was covered with a wooden lid to protect it from the rain, and a gap of 2.5 cm 

between the lid and the soil surface was left to allow invertebrates to enter the trap 

but prevent larger animals from entering (e.g. mice and toads).  

A total of 12 pitfall traps were installed at each study plot in four rows. Sets 

of three pitfall traps were installed at 9 m intervals and in parallel with the plot 

boundary: (1) in the plot margin; (2) at the beginning of the crop area; (3) 10 m into 

the crop area; (4) 20 m into the crop area. This design resulted in three transects 

running from the plot margin to 20 m inside the cropped area. Pitfall traps were left 

for two weeks from the end of August to September 2017 and from the end of 

November to mid December 2017. On collection, samples were transferred into a 

labelled pot containing 70% IMS for preservation purpose. There was one sample pot 

for each set of three pitfall traps (i.e. plot margin, edge of crop, 10 m into crop, and 

20 m into crop). 

Invertebrates associated with vegetation were sampled using a sweep net 

(28-gauge Terylene material, 60 cm of frame aperture and 60 cm length of aluminium 

handle). Sampling took place between 10.30 am and 5 pm in the dry season and, 

when there was no rain, between 10.30 am and 2.00 pm in the wet season. Samples 

were taken in the plot margin and 20 m inside the cropped area. Twenty sweeps were 

taken at each location. Each sweep consisted of the net being swung in a 180° arc 

such that the net rim touched the top of the vegetation. The net was then quickly 

pulled through the air to force all insects into the bottom of the net bag and the net 

bag closed at about the mid-point. The apex of the net bag was pushed into a kill pot 

filled with 100% IMS to kill the invertebrates in the sample. After about 15 minutes, 

the invertebrates inside the butterfly net were transferred to a labelled collecting pot 

with 100% IMS for temporary storage. All invertebrates collected at the plot margin 

were placed into one labelled pot and all invertebrates collected within the crop were 

put together into another labelled pot. These pots were topped up with 70% IMS for 

preservation.  
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All invertebrates were sorted, counted and identified at the Department of 

Biology, University of Putra Malaysia. Most of the samples were identified to order 

level (Tilling, 2014), except for Coleoptera, which were identified to family level 

(Triplehorn et al., 2005). All invertebrates were classified into functional groups 

(predators, herbivores and detritivores) (Wong et al., 2019). Unknown functional 

groups from the order Diptera were not used in the functional group analysis. 

 

5.2.3 Vegetation survey 

A survey of the understory vegetation at each study plot was conducted once in 

October 2017, with the help of a botanical researcher from Forest Research Institute 

Malaysia (FRIM). The survey was used to collect data on vegetation ground cover, 

vegetation height and occurrence of plant species (i.e. presence absence data).  The 

survey was performed in the field margin and at the beginning of crop area, 10 m 

inside the crop area and 20 m the inside crop area (see Section 2.2.4) using 1 m x 1 

m quadrat. There were nine quadrats for each surveyed section. All plants present 

inside the quadrats were identified to species level (Wee, 1987; Piggot, 1988; Faridah 

et al., 2005; Maisarah et al., 2014) and recorded as presence-absence data. These 

data were used to calculate the plant species richness in each study plot. In addition, 

the height of each species present in the plot was measured for three individual 

plants of same species using a ruler and averaged. For vegetation cover, occurrence 

in each 10 cm x 10 cm square (equal to 1%) was recorded as an estimate of 

percentage cover. 

 

5.2.4 Statistical analysis  

Prior to analysis, all the abundance data in each order were (x+1) log-transformed 

and total abundance were log transformed. Two-way ANOVA was used to assess the 

effect of different oil palm management regimes (intensive monoculture, less-

intensive monoculture and polyculture) and season (dry and wet season) on 

terrestrial invertebrate richness, abundance, diversity (Shannon Diversity Index) and 

the abundance of functional groups (predators, herbivores and detritivores). One-

way ANOVA was used to assess the effect of different oil palm management regimes 
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(intensive monoculture, less-intensive monoculture and polyculture) on abundance 

of invertebrate orders and Coleoptera families separately for the dry and wet 

seasons. Multiple linear regression was used to assess the relationships between 

vegetation characteristics (vegetation height, plant richness and total vegetation 

cover) and terrestrial invertebrate richness, abundance, and diversity. Principal 

Component Analysis (PCA) (using correlation) was used to compare terrestrial 

invertebrate assemblages (taxon abundance) between all management regimes 

(intensive monoculture, less-intensive monoculture and polyculture) and seasons 

(dry and wet). Information on ground-dwelling invertebrates (i.e. pitfall trap) and 

those associated with vegetation (i.e. sweep netting) were pooled for the PCA 

analysis. Prior to PCA analysis, all taxa were group at order level and any order that 

occurred less than 10% from the site were excluded from the analysis within each 

management. The similarity of plant assemblages surveyed in different management 

regimes were analysed using the Jaccard Index based on taxa presence-absence data. 

 

5.3 Results 

5.3.1 How do invertebrate communities vary under different 

management regimes?  

The effect of oil palm management on the abundance, richness and diversity of 

ground-dwelling invertebrates (pitfall trap method) and invertebrates associated 

with vegetation (sweep net method) was assessed for both wet and dry seasons.  

Altogether, 19,993 individuals belong to 20 orders were found in all sampling 

sites. In total, 15,630 invertebrates belonging to 19 orders were sampled by the 

pitfall traps and 4,363 invertebrates belonging to 12 orders were sampled by the 

sweep net method (see Table A.5.1 for list of invertebrates collected). Most of the 

invertebrate orders sampled by sweep netting were also sampled by the pitfall traps, 

the exception being Odonata (dragonflies and damselflies) (Figure 5.1). The most 

abundant orders in the pitfall traps were Hymenoptera (sawflies, bees, ants and 

wasps; 35.31%), Coleoptera (beetles; 20.63%), Collembola (springtails, 17.81%), 

Orthoptera (crickets, grasshoppers and locusts; 10.33%), Arachnida (spiders and 

mites; 7%), Diptera (true flies; 5%), and Blattoidea (termites and cockroaches; 1%). 
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Whereas in the sweep net samples, the most abundant orders were Diptera 

(41.74%), Hymenoptera (22.85%), Orthoptera (12.03%), Arachnida (8.37%), 

Homoptera (aphids; 4.88%), Heteroptera (true bugs; 4%) and Coleoptera (2%). Ants 

were the dominant Hymenoptera in both pitfall trap and sweep net samples. 

Whereas ants were the only Hymenoptera sampled by the pitfall traps, sweep netting 

also sampled wasps (4%, 41 out of 997 hymenopterans) and sawflies (1%, 11 out of 

997 Hymenoptera).  

 
Figure 5.1 Abundance (log scale) of invertebrates recorded in pitfall trap (black bar) 
and sweep netting (white bar) method. 

 

The vast majority of invertebrates were sampled in the dry season (i.e. 18,221 

individuals compared to 1,772 individuals sampled in the wet season) (Figure 5.2). 

There were nine taxa sampled in the dry season only (Isopoda (woodlice), Diplopoda 

(millipedes), Dermaptera (earwigs), Psocoptera (booklice), Chilopoda (centipedes), 

Symphyta (sawflies), Mantodea (mantises), Trichoptera (caddisflies) and Neuroptera 

(lacewings) and two taxa sampled only in the wet season (Chrysomelidae (leaf beetle) 

and Scolytidae (bark beetle)). During the dry season, the majority of invertebrates 

present (i.e. more than 5%) were Hymenoptera (33.89%), Collembola (15.28%), 

Nitidulidae (pollen beetles, 13.30%), Diptera (13.22%), Orthoptera (9.48%) and 

Arachnida (7.58%). In the wet season, the most abundant invertebrates (more than 
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5%) were Nitidulidae and Orthoptera (23.31%), Hymenoptera (19.24%), Carabidae 

(ground beetle, 11.46%), Arachnida (7.73%) and Diptera (6.49%).  

 
 
Figure 5.2 Abundance (log scale) of invertebrates recorded in dry (black bar) and 
wet (white bar) seasons. 

 

5.3.1.1 Ground-dwelling invertebrates 

The effects of three different smallholding oil palm management regimes (intensive 

monoculture, less intensive monoculture and polyculture) on order richness, 

abundance and diversity of ground-dwelling invertebrates in two different seasons 

(dry and wet) was investigated. 

The order richness of ground-dwelling invertebrates was significantly higher 

in the dry season than in the wet season (F1,36 = 474.29, p< 0.001). There was no 

statistically significant difference in either order richness across different 

management regimes (F2,36 = 1.32, p> 0.05) or the interaction between management 

type and season on order richness of ground-dwelling invertebrates (F2,36 = 3.31, p> 

0.05). Polyculture plots had the highest richness of ground-dwelling invertebrates in 

the dry season, but the lowest richness in the wet season (Figure 5.3a). There was no 

statistically significant difference in abundance and diversity (Shannon Diversity 

Index) of ground dwelling invertebrates in plots under different management 
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regimes (F2,36 Җ лΦсрΣ ǇҔ лΦлрύΣ but ground-dwelling invertebrates were more 

abundant and diverse in the dry season than in the wet season (F1,36 җ тфΦрлΣ Ǉғ 

0.001) (Figure 5.3b-c). There was no significant interaction between the effect of 

season and management regime on the abundance and diversity index of ground 

dwelling invertebrates (F2, 36 Җ 2.08, p > 0.05). 

 

  

 
Figure 5.3 Mean (±1SE) a) order richness, b) abundance (log scale) and c) Shannon 
Diversity Index of ground-dwelling invertebrates sampled from oil palm plots 
between season within management regimes in the dry (black bar) and the wet 
(white) season. Means having different letter are significantly different (Tukey test 
p < 0.05). 

 

A total of 19 orders of ground-dwelling invertebrate was recorded across both 

seasons and most orders were present in each of the three land management types. 

The exceptions were Neuroptera, which were only sampled in the polyculture plots, 

and Trichoptera and Mantodea, which were only sampled in the intensive 

management plots. All orders sampled in the wet season were also sampled in dry 

season. The orders sampled only in the dry season were: Chilopoda, Collembola, 

a) 

 

 

b) 

 

 

c) 
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Dermaptera, Diplopoda, Isopoda, Mantodea, Neuroptera, Psocoptera, Symphyla, 

Thysanoptera and Trichoptera. In the dry season, only the abundance of Arachnida, 

Blattoidea, Collembola and Orthoptera showed significant differences across 

management type (F2,18 җ тΦтпΣ Ǉғ лΦлрύ. Less-intensive management had significantly 

higher mean abundance of Arachnida and Collembola (Figure 5.4 a-b). Polyculture 

showed significantly higher mean abundance of Blattoidea and Orthoptera (Figure 

5.4c-d). In the wet season, only Orthoptera showed a significant difference across 

management type (F2,18 = 4.12, p< 0.05), with intensive monoculture showing 

significantly highest abundances (Figure 5.4e).  

 

  

  

 
 

Figure 5.4 Mean (±1SE) abundance in dry season of a) Arachnida, b) Collembola, c) 
Blattoidea, d) Orthoptera, and wet season of e) Orthoptera sampled from pitfall 
traps under three different management regimes. Means having different letter 
are significantly different (Tukey test p < 0.05). 

a) 

 

 

b) 

 

 

c) 

 

 

d) 

 

 

e) 
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Coleoptera was the only order that was identified to family level. Six 

Coleoptera families were recorded from pitfall trap samples, the most abundant 

being Carabidae and Nitidulidae (Figure 5.5). These two families were the only 

Coleoptera recorded in all management regimes in both dry and wet seasons (Figure 

5.6). In the wet season, Staphylinidae and Cicincelidae were only sampled in intensive 

monoculture plots, and Curculionidae and Scolytidae were only sampled in 

polyculture plots. There was no significant effect of management regime on the 

abundance of any of the Coleoptera families in either the dry season (F2,18 Җ мΦллΣ ǇҔ 

0.05) or the wet season (F2,18 Җ нΦплΣ ǇҔ лΦлрύΦ 

 

 
 
Figure 5.5 Abundance (log scale) of Coleoptera families recorded in dry (black bar) 
and wet (white bar) seasons. 
  

Figure 5.6 Mean (±1SE) abundance of a) Carabidae and b) Nitidulidae across all 
management regime in dry and wet season. 

b) 

 

 

a) 
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Ground-dwelling invertebrates sampled included members of all the 

functional feeding groups (predators, herbivores and detritivores) in all management 

regimes. There was a significant difference in abundance of predators across 

management regimes (F2,36 = 3.61, p< 0.05) and seasons (F1,36 = 259.13, p < 0.001), 

but there was a no significant interaction between management regime and season 

(F2,36 = 2.06, p> 0.05). Significantly higher mean abundance of predators was found 

in polyculture and the dry season compared to the wet season (Figure 5.7a). 

 There was no statistically significant difference in the abundance of 

herbivores between management regimes (F2,36 = 0.82, p> 0.05), but herbivores were 

more abundant in the dry season compared to the wet season (F1,36 = 113.73, p< 

0.001) (Figure 5.7b). There was no significant interaction between the effect of 

season and management regime on the abundance of herbivorous ground dwelling 

invertebrates (F2,36 = 3.15, p > 0.05). 

The abundance of detritivore ground-dwelling invertebrates was significantly 

affected by management type (F2,36 = 13.74, p< 0.001) and season (F1,36 = 832.81, p< 

0.001). There was also a significant interaction between the effects of season and 

management regime (F2,36 = 13.74, p< 0.001). No detritivores were sampled in the 

wet season. Less-intensive monoculture had the highest abundance of detritivores in 

the dry season (Figure 5.7c). 
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Figure 5.7 Mean (±1SE) abundance of a) predators, b) herbivores and c) detritivore 
ground-dwelling invertebrates sampled from oil palm plots between seasons 
within three different management regimes in the dry (black bar) and the wet 
(white) season using log scale. Means having different letter are significantly 
different (Tukey test p < 0.05). 

 

5.3.1.2 Invertebrates sampled from vegetation 

There was a statistically significant effect of land management (F2,36 = 7.90, p< 0.05) 

and season (F1,36 = 10.11, p< 0.05) on the richness of invertebrate orders associated 

with vegetation. There was no significant season by management interaction (F2,36 = 

2.28, p> 0.05). Order richness was significantly higher in less-intensive monoculture 

and in the dry season compare to the wet season (Figure 5.8a). 

 There was a significant effect of land management (F2,36 = 4.37, p< 0.05), 

season (F2, 36 = 38.12, p < 0.001), and interaction between the effect of land 

management and season (F2,36 = 5.56, p< 0.05) on the abundance of invertebrates 

sampled from vegetation. The abundance of invertebrates sampled from vegetation 

was significantly higher in the plots under less-intensive management, but only in the 

dry season (Figure 5.8b).  

 There was a significant effect of land management on diversity (F2,36 = 5.91, 

p< 0.05), but not season (F1,36 = 0.02, p> 0.05), and there was no significant 

interaction between land management and season (F2,36 = 0.94, p> 0.05). Polyculture 

a) 

 

 

b) 

 

 

c) 
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showed significantly higher diversity of invertebrates associated with vegetation 

than intensive monoculture (Figure 5.8c). 

  

 
Figure 5.8 Mean (±1SE) a) order richness, b) abundance and c) Shannon Diversity 
Index of invertebrates sampled from vegetation under three different 
management regimes in the dry (black bar) and the wet (white) season. Means 
having different letter are significantly different (Tukey test p< 0.05). 

 

A total of 12 orders of invertebrates were sampled from vegetation in the dry 

and wet seasons. Most orders were sampled from all management regimes, the 

exceptions being Mantodea, which were absent from plots under intensive 

management and Collembola, which were only sampled in polyculture plots. 

Moreover, Mantodea were only sampled in the dry season and Collembola were only 

sampled in the wet season. 

In the dry season, only abundance of Arachnida, Coleoptera, Diptera and 

Hymenoptera showed significant differences in abundance across all management 

types (F2,18 > 4.64, p< 0.05). Less-intensive monoculture had significantly higher 

abundances of Diptera, Hymenoptera and Arachnida (Figure 5.9a-c). Polyculture 

showed significantly higher abundances of Coleoptera (Figure 5.9d). In the wet 

season, there was no significant difference in the abundance of any invertebrate 

a) 

 

 

b) 

 

 

c) 
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order sampled from vegetation in the three management regimes (F2, 18 < 2.40, p> 

0.05). 

Eight families of Coleoptera were recorded in sweep net samples (Figure 

5.10). Nitidulidae, Cicindelidae and Curculionidae were present in the dry season 

only, whereas Carabidae and Chrysomelidae were present in the wet season only. 

Mean abundances of Staphylinidae (T22 = 3.20, p< 0.05), Cantharidae (T22 = 4.07, p< 

0.001), Coccinelidae (T24 = 2.59, p< 0.05) and Cicindelidae (T20 = 2.17, p< 0.05) were 

significantly higher in the dry season compared to the wet season. 

 

  

  
Figure 5.9 Mean (±1SE) abundance in dry season of a) Diptera, b) Hymenoptera, c) 
Arachnida, and d) Coleoptera, sampled from vegetation under three different 
management regimes. Means having different letter are significantly different 
(Tukey test p < 0.05). 

 

 

   

 

 

 

 

a) 

 

 

b) 

 

 

c) 

 

 

d) 
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Figure 5.10 Abundance (log scale) of Coleoptera families recorded in dry (black bar) 
and wet (white bar) seasons in sweep netting method. 

 

In terms of functional groups, only herbivores and predators were present in 

sweep net samples from all management types. Detritivores were only sampled from 

vegetation in one polyculture site during the wet season. There was a significant 

effect of land management (F2,36 = 3.91, p< 0.05) and season (F1,36 = 27.30, p< 0.001), 

but no significant interaction between the effect of season and management regime 

(F2,36 = 1.23, p> 0.05) on the abundance of invertebrate predators associated with 

vegetation. Predators were more abundant in the dry compare to the wet season 

and in less-intensive monoculture plots (Figure 5.11a).  

There was no statistically significant difference in abundance of herbivores 

under different management regimes (F2,36 = 1.38, p> 0.05), but herbivores were 

significantly more abundant in the dry season compared to the wet season (F1,36 = 

8.85, p< 0.05) (Figure 5.11b). There was no significant interaction between the effect 

of season and management regime on the abundance of invertebrate herbivores of 

associated with vegetation (F2,36 = 0.88, p> 0.05). 

 




