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1

Abstract

2

Pollinators are globally threatened by land-use change, but its effect varies depending on the

3

taxa and the intensity of habitat degradation. However, pollinator-landscape studies typically

4

focus on regions of intensive human activities and on a few focal species. Evaluating

5

pollinator responses in landscapes with moderate land-use changes and on multiple pollinator

6

groups would therefore fill an important knowledge gap. This study aims to determine the

7

predictive capacity and effect of habitat characteristics on the relative abundance of multiple

8

pollinator groups in mixed-use landscapes. To do this, we collected field data on the relative

9

abundance of nectivorous birds, bees, beetles, and butterflies across the Tasman Peninsula

10

(Tasmania, Australia). We then applied Random Forests to resolve the effects of land use

11

(protected areas, plantation, and pasture), land cover at different radii (100 m and 2000 m),

12

and plant genera on pollinator abundance. Overall, land cover and plant genera were more

13

important predictors of pollinator abundance than land use. And the effect of land use, land

14

cover, and plant genera varied depending on the pollinating group. Pollinator groups were

15

associated with a range of plant genera, with the native genera Acacia, Leptospermum,

16

Leucopogon, Melaleuca, Pomaderris, and Pultenaea being among the most important

17

predictors. Our results highlight that one size does not fit all—that is pollinator response to

18

different landscape characteristics vary, emphasise the importance of considering multiple

19

habitat factors to manage and support a dynamic pollinator community, and demonstrates

20

how land management can be informed using predictive modelling.

21

Keywords

22

Bees, beetles, butterflies, honeyeaters, Random Forests, land-use
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23

Introduction

24

Pollinators are declining globally (Maes and Van Dyck 2001; Ollerton et al. 2014; Regan et

25

al. 2015) due to the interactions and synergies between land-use change (habitat loss and

26

fragmentation), introduced and invasive species, agrochemicals, and climate change (Potts et

27

al. 2010; Regan et al. 2015; Vanbergen and Insect Pollinators Initiative 2013). Of these, land-

28

use change is widely considered the most important threat to pollinators as it affects plant

29

abundance and diversity, in turn reducing the availability of floral resources (Baude et al.

30

2016; Nicolson and Wright 2017; Paton 2000). This could have major cascading

31

consequences for many habitats, as pollinators (animal vectors of pollen) are important

32

ecosystem components and are estimated to globally pollinate 70% of crops (Klein et al.

33

2007) and 87% of wild plants (Ollerton et al. 2011).

34

While land-use change has an overall negative effect on pollinator abundance and richness

35

(Winfree et al. 2011), this effect varies between different pollinating taxa, extent of landscape

36

changes, and ecosystems (Millard et al. 2021; Montero-Castaño and Vilà 2012; Winfree et al.

37

2009). Yet, the literature on impact of landscape changes on pollinators is mostly focused on

38

Hymenoptera (Senapathi et al. 2016) and in landscapes with extreme changes (Winfree et al.

39

2011). This raises the question of how bees and non-bee pollinating taxa would be impacted

40

by landscapes subject to moderate alteration. Identifying the differences in the impacts of

41

land-use types on different taxa would allow us to design better management policies.

42

Irrespective of the type of land use, plant species richness can have a positive impact on

43

insect pollinators (Kral-O’Brien et al. 2021). For example, agricultural landscapes that

44

include high-quality habitats support a higher abundance and richness of pollinators than

45

agricultural landscapes without such habitats (Kavanagh et al. 2007; Kennedy et al. 2013). In

5
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46

this context, targeted plantings can be used to attract and sustain pollinators in degraded

47

ecosystems (Menz et al. 2011). Pollinator restoration can be accomplished by using a subset

48

of all available plant families or species (Campbell et al. 2019; Sabatino et al. 2021). That

49

raises the question of whether there are plants (or plant groups) that are relatively more

50

effective in sustaining pollinators and, if so, which species/characteristics are best suited for

51

which taxa. Identifying and managing such plants would be beneficial in sustaining pollinator

52

communities.

53

In this study, we aim to assess the predictive capacity and effect of land use, land cover, and

54

plant genera on the relative abundance (count) of nectivorous birds, bees, beetles, and

55

butterflies. To do this, we collected field data across protected areas, plantations, and pastures

56

using the Tasman Peninsula (Tasmania, southern-temperate Australia) as a case study of a

57

diverse, mixed-use landscape. We used Random Forests (Liaw and Wiener 2002) for

58

predictive modelling, as it is a non-parametric decision-tree-based method commonly used in

59

predictive analysis of complex, conditional data (Greenwell 2017). The advantage of using

60

machine learning and predictive modelling is its ability to handle data with non-normal

61

distribution and noise, deal implicitly with interactions, and use robust training-and-testing

62

analysis to make predictions for informed decision making (Thessen 2016; Willcock et al.

63

2018). We discuss the associations between predictors and pollinators and which predictors

64

should be managed to improve the diversity and resilience of pollinator communities.

65
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66

Methods

67

Study area

68

The Tasman Peninsula, located in the south-eastern portion of the large island of Tasmania,

69

Australia (Fig. 1), covers an area of 660.4 km2 with elevation from 0 to 582 m a.s.l. (meters

70

above sea level). It is characterised by a mix of dry and wet sclerophyll eucalypt forest and

71

dry coastal vegetation, and supports a third of the vascular plants found in Tasmania with 556

72

vascular plants, of which there are 336 dicotyledons (Brown and Duncan 1986). It was

73

selected as a study area as its landscape experienced only moderate anthropogenic change

74

relative to surrounding regions, since over a quarter (26.7%) of its area is protected

75

(Australian Bureau of Statistics 2021). Overall, the study area is dominated by grazing

76

pasture, forest plantations and protected areas (Department of Primary Industries Parks Water

77

and Environment 2015) and lacks landscapes subject to extreme change, which are defined as

78

areas with ≤5 % of native vegetation (Winfree et al. 2009).

79

Study design

80

We established a total of 36 × 2-ha plots for bird observations. Of those, 18 plots were

81

located in protected areas (six in each of the three protected areas), 12 in plantations (six each

82

in of the two-plantations) and six in a pasture (Table 1; Fig. 1). The unequal number of sites

83

per land-use category was due to limitations on accessibility. Each site consisted of two

84

subsites, 1-3 km apart, to account for within-site variation. Each subsite consisted of six plots,

85

placed at least 400 m apart and randomly distributed 80-100 m from a walking track.

86

Within the 2-ha plots, we identified bird species and recorded their count visually and audibly

87

following the standard protocol recommended by BirdLife (BirdLife 2021), which involves
7
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88

using a point-count method for 20 minutes. Honeyeaters (family Meliphagidae), were the

89

only birds considered for this study, being the dominant group of nectivorous birds in

90

Australia (Ford and Paton 1977). We also recorded the presence/absence of eucalyptus trees,

91

which we identified to the species level using a field guide by Wiltshire and Potts (2007). The

92

trees were grouped into the sub-genera Symphyomyrtus and Eucalyptus (formerly

93

Monocalyptus) (Nicolle 2015) as they have been shown to influence honeyeater presence

94

(Dunkerley et al. 1990; Woinarski and Cullen 1984).

95

We established a total of 144 plots for bee and beetle observations by selecting, within each

96

of the 36 × 2-ha plots, four different ground-level flowering plants. Where possible, four

97

different species of flowering plant were chosen and if none was present no observation was

98

made. Bees and beetles were sampled through visual observations, a commonly used

99

technique to detect bee abundance (Prendergast et al. 2020). Bees were classified as either

100

introduced or native; introduced bees being Apis mellifera (western honeybee) and Bombus

101

terrestris (buff-tailed bumble bee), while native bees included all other bee species. Beetles

102

were identified to family level using the iNaturalist website (https://inaturalist.org/).

103

Flowering plants were identified to species or genus level using the University of Tasmania

104

key to Tasmanian vascular plants (www.utas.edu.au/dicotkey/dicotkey/key.htm).

105

We established a total of 12 transects for butterfly observation. The transects were placed

106

along the walking track between the three 2-ha plots in each of the land-use sites. There were

107

six transects in protected areas (two in each of the three protected-areas land-use sites), four

108

transects in plantations (two in each plantation) and two transects in pasture (Fig. 1).

109

Butterflies were sampled along a 1000-m long and 5-m wide transect (Pollard 1977). An

110

insect net was used to catch butterflies and record count and species. Species were

111

photographed and identified using Common and Waterhouse (1972).
8
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112

Observations took place between 07.00 – 11.00 h and 16.00 – 19.00 h for birds, and 10.00 –

113

15.00 h for insects, under low-wind and non-rainy conditions. Observations of all the

114

investigated pollinator groups were repeated monthly during the Austral spring-summer of

115

2018, from September to December. The advantage of repeated sampling is that it yields

116

higher precision within sites, at the cost of spatial bias, and importantly, it allowed us to

117

account for any temporal changes in flowering vegetation and pollinator presence. Because of

118

temporal changes in flowering vegetation and pollinator presence, we treated the repeated

119

surveys as independent measurements. In total, we performed 144 surveys for birds (36 × 2-

120

ha plots × 4 months), 576 surveys each for bees and beetles (36 × 2-ha plots × 4 flowering

121

plants × 4 months) and 48 surveys for butterflies (12 transects × 4 months).

122

Table 1. Characteristics of the different land-use sites within each land use

Land use

Land-use sites

Characteristics based on on-site observations

Protected

Lime Bay State

Coastal woodland, with pockets of dense tree but overall

Reserve (LBR)

open canopy cover and dense ground vegetation.

Tasman National

Sclerophyll forest with dense canopy cover and dense

Park (TNP) (a)

ground vegetation.

Tasman National

Sclerophyll forest, with moderate canopy and open ground

Park (TNP) (b)

vegetation.

Plantation (a)

Contains patches of eucalypt and pine forest plantations and

areas

Plantations

non-plantation eucalypt forest. Fieldwork was done within
the non-plantation eucalypt forest. Sclerophyll forest with
dense canopy and ground cover.
Plantation (b)

Contains patches of eucalypt forest and pine plantations and
non-plantation eucalypt forest. Fieldwork was done within

9

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.20.427393; this version posted July 22, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the non-plantation eucalypt forest. Sclerophyll forest with
dense canopy and ground cover. We noticed more harvested
coups in this site than in plantation (a)
Pasture

Pasture

Pasture areas with cattle, with few isolated trees within the
pasture.

123

124

125

Fig. 1 Location of the sampling land-use sites in the Tasman Peninsula, Tasmania, Australia.

126

Land-cover analysis

127

Land cover refers to the natural and artificial structures covering the land (Anderson et al.

128

1976); the land-cover classes considered in this study are ‘forest’ (areas dominated by trees,

129

including plantations), ‘open’ (areas with low-lying vegetation, including shrubs and

130

grasses), ‘barren’ (areas lacking vegetation), and ‘water’ (quantified as the percentage of total

131

cover at different spatial scales). The allocation of land-cover classes was inferred from

132

Sentinel 2 imagery as it has a high spatial resolution of 10 × 10 m (Sentinel Online 2021).

10
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133

We carried out a pixel-based classification of the imagery following the method outlined by

134

Diengdoh et al. (2020). This method involved, firstly, creating training and validation data for

135

the above-mentioned land-cover classes in QGIS (QGIS Development Team 2021). The

136

training and validation data were used for fitting and tuning the algorithms, and accuracy

137

assessment, respectively. Secondly, machine-learning algorithms (hereafter algorithms) –

138

support vector machine, Random Forests, k-nearest neighbour, and naïve Bayes were trained

139

and used to classify the satellite imagery. Thirdly, the images were classified by the four

140

algorithms using an unweighted ensemble algorithm (Diengdoh et al. 2020).

141

Accuracy was assessed by comparing the output to the validation data, which consisted of

142

100 points/pixels per land-cover class, randomly selected from the classified image and

143

visually compared to imagery from Google Earth and field data for accuracy assessment. The

144

output metrics we report include the overall accuracy (OA), the true-skill statistic (TSS) for

145

the classified image, and the sensitivity and specificity of each land-cover class, where: OA is

146

the number of correctly classified pixels divided by the total number of pixels examined

147

(Foody 2002); TSS is equal to sensitivity plus specificity minus 1, where sensitivity is

148

observed presences that are correctly predicted, and specificity is the observed absences that

149

are predicted as such (Allouche et al. 2006). The classification analysis was done in R (R

150

Core Team 2020).

151

The percentage of each land-cover class was calculated within buffers of two different sizes

152

for each pollinator group. We used a buffer of a 2000 m radius (from the centre of the 2-ha

153

plot and the 1000 m transect) to represent the land cover within the survey areas as well as its

154

surrounding landscape, and a smaller buffer to represent the land cover within the survey

155

area, which was 100 m in radius for the birds, bees, and beetles and 500 m for butterflies. We

156

selected 500m for butterflies because a 100 m buffer did not encompass the entire 1000m
11
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157

transect. These buffer sizes are similar to those from other studies, e.g., birds (Smith et al.

158

2011), bees (Greenleaf et al. 2007) and butterflies (Bergman et al. 2004).

159

Statistical analyses

160

We tested the ability of land use, land cover and plant genera to predict the abundance of

161

each pollinator group. The multi-level categorical predictors ‘land use’ (3 levels) and ‘plant

162

genera’ (24 levels), were transformed to dummy variables (i.e., binary presence/absence

163

predictors) to reduce data dimensionality. Keeping land use and plant genera as constant

164

predictors in the model, we compared a model including land cover within the survey area

165

(100 or 500 m depending on taxa) with a model containing land cover within the surrounding

166

area (2000 m).

167

Random Forests was used for predictive modelling, implemented using the randomForest R

168

package (Liaw and Wiener 2002). The data was split into 70%/30% training/test using a

169

random stratified method so that there was at least one repeated observation in the testing

170

data that was not in the training data. The training data was used for model fitting, assessing

171

partial dependence (PD) plots and individual conditional expectation (ICE) curves and

172

calculating variable importance while the testing data was used for model accuracy, where

173

the out-of-sample R2 and root mean square error (RMSE) of each model was calculated.

174

Models were tuned for different mtry (the hyperparameter in Random Forests) values and the

175

mtry value that resulted in the highest R2 was selected. The PD plots show the marginal effect

176

of a predictor on the predicted outcome (Goldstein et al. 2015). The disadvantage of PD plots

177

is that they show the average effect and heterogeneous effects may be hidden; we used ICE

178

curves to assess those effects (Goldstein et al. 2015). The pdp r package (Greenwell 2017)

179

was used for assessing PD plots and ICE curves.

12
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180

Results

181

Pollinator richness and abundance

182

We observed a total of 297 honeyeaters belonging to eight different species, of which four are

183

endemic to Tasmania (127 individuals); 511 bees, consisting of 284 native bees (184

184

Exoneura genus, 48 Lasioglossum genus and 52 individuals classified as others) and 227

185

introduced bees (211 honey bees and 16 bumble bees); 423 beetles belonging to nine

186

families; and 84 butterflies belonging to eight species, of which only Pieris rapae is

187

introduced. A list of species observed across the different land-use sites is included in Online

188

Resource 1.

189

The median of the log count of different pollinator groups varied across the six LU sites (Fig.

190

2). Honeyeaters (birds) were more common across the three protected areas than in

191

plantations or pastures (Fig. 2a). However, the median count of the insect pollinators was

192

similar across the different LU sites (Fig. 2b-e).

193
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194

Fig. 2 Log of total count (a) honeyeaters, (b-c) bees, (d) beetles and (e) butterflies across

195

protected areas (Tasman National Park a and b, Lime Bay State Reserve), plantations

196

(plantation a and b) and pastures land-use sites.

197

Pollinators showed preference for some plant genera. The median count of honeyeaters was

198

higher in the presence of the eucalypt subgenus Symphyomyrtus compared with the subgenus

199

Eucalyptus (Fig. 3a). Bees and beetles were observed visiting 24 plant genera, of which only

200

three are exotic/naturalised (Arctotheca, Taraxacum and Trifolium, only found in pastures).

201

The median count of native bees was highest in presence of Pultenaea and Melaleuca (Fig.

202

3b), while more introduced bees were found on Anopterus, Lissanthe, Pimelea, Pomaderris,

203

and Trifolium flowers (Fig. 3c). The median count of beetles was highest in association with

204

Leptospermum, Pomaderris and Prostanthera (Fig. 3d).

205
14
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206

Fig. 3 Log of total count (a) honeyeaters, (b) native bees, (c) introduced bees and (d) beetles

207

per genus.

208

Land-cover analysis

209

The classified image (Online Resource 2) had an overall accuracy of 79.5% with a 95% CI

210

[75.2, 83.4] and a true skill statistic score of 77.4%. The confusion matrix of the classification

211

results with sensitivity and specificity of the land-cover classes as well as the percentage of

212

land cover within different buffers are included in the Online Resources (Online Resource 3-

213

6).

214

Predictors of pollinator count

215

The models including land cover within the survey area (100 or 500 m) performed better for

216

introduced bees and beetles and explained 43.9% and 30.5% of the variation in pollinator

217

abundance respectively, while the models containing land cover of the broader landscape

218

(2000 m) were better for honeyeaters (49.1%) and native bees (21.6%; Table 2). The models

219

for butterfly count were not usefully descriptive (0.01 R2; Online Resource 7). The land

220

cover- forest within 2000 m buffer was the most important predictor for honeyeaters and

221

native bees while open cover within 100 m buffer and Leptospermum were the most

222

important predictor for introduced bees and beetles, respectively (Online Resource 8). The

223

plant genera Pultenaea and Acacia were the most important predictors for native bees and

224

introduced bees, respectively (Online Resource 8). Land use (i.e., human activities on the

225

land) was not selected as the most important predictor for any of the models; however, it was

226

consistently among the top 10 predictors for the different models (Online Resource 8).

15

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.20.427393; this version posted July 22, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

227

Table 2. The predictive RMSE and R2 (i.e., on out-of-sample test data) of the different

228

pollinator count models using the Random Forests algorithm.

Model
honeyeater
count

Predictors

RMSE

R2

pasture + plantation + protected.area + Eucalyptus +

1.632

0.491

1.810

0.216

0.870

0.439

1.976

0.305

Symphyomyrtus + forest.2000 + open.2000
pasture + plantation + protected.area + Acacia + Anopterus
+ Arctotheca + Bauera + Bedfordia + Bursaria + Carduus +

native bee
count

Daviesia +Epacris + Goodenia + Hibbertia +
Leptospermum + Leucopogon + Lissanthe + Lomatia +
Melaleuca + Olearia + Pimelea + Pomaderris +
Prostanthera + Pultenaea + Taraxacum + Trifolium + Zieria
+ forest.2000 + open.2000
pasture + plantation + protected.area + Acacia + Anopterus
+ Arctotheca + Bauera + Bedfordia + Bursaria + Carduus +

introduced
bee
count

Daviesia + Epacris + Goodenia + Hibbertia +
Leptospermum + Leucopogon + Lissanthe + Lomatia +
Melaleuca + Olearia + Pimelea + Pomaderris +
Prostanthera + Pultenaea + Taraxacum + Trifolium + Zieria
+ forest.2000 + open.2000
pasture + plantation + protected.area + Acacia + Anopterus
+ Arctotheca + Bauera + Bedfordia + Bursaria + Carduus +

beetle
count

Daviesia + Epacris + Goodenia + Hibbertia +
Leptospermum + Leucopogon + Lissanthe + Lomatia +
Melaleuca + Olearia + Pimelea + Pomaderris +
Prostanthera + Pultenaea + Taraxacum + Trifolium + Zieria
+ forest.100 + open.100

229

* Land use: pasture, plantation, protected.area.
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230

** Genera: Eucalyptus, Symphyomyrtus, Acacia, Anopterus, Arctotheca, Bauera, Bedfordia,

231

Bursaria, Carduus, Daviesia, Epacris, Goodenia, Hibbertia, Leptospermum, Leucopogon,

232

Lissanthe, Lomatia, Melaleuca, Olearia, Pimelea, Pomaderris, Prostanthera, Pultenaea,

233

Taraxacum, Trifolium, Zieria.

234

*** Land cover: forest.n and open.n refers to percentage of land cover within buffers of 100

235

m or 2000 m radius.

236

The effect land use had on pollinator count varied between and within pollinator taxa.

237

Protected areas had a positive effect on honeyeater count, but on average had no effect on

238

bees or beetle count (Fig. 4a, d, g, j). However, based on the ICE plots, we found protected

239

areas had both positive and negative effects on bees and beetles (Fig. 4d, g, j). Plantations had

240

a positive effect on beetles but no effect on honeyeater and bees count (Fig. 4b, e, h, k). Yet,

241

based on the ICE plots, we found plantations had both positive and negative effect on

242

honeyeater and bees count (Fig. 4b, e, h). Pasture was the only land use which had a negative

243

effect on honeyeater and beetle count (Fig. 4c, l).
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244

245

Fig. 4 Partial dependence plots (dashed-red lines) and individual conditional expectation

246

(ICE; solid-black lines) curves of the land-use predictors on (a-c) honeyeaters, (d-f) native

247

bees, (g-i) introduced bees, and (j-l) beetle models.

248

Land cover did not have a monotonic or linear relationship with the number of pollinators;

249

rather, it exhibited a stepwise relation with pollinator abundance (Fig. 5). The percentage of

250

forest cover had a positive effect on the number of honeyeaters (Fig. 5b). Conversely, open

251

cover had a negative effect on honeyeaters but positive effect on bees (Fig. 5a, c, e). Overall,
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252

the presence of the different plant genera had a positive effect on the number of different

253

pollinator groups, except for Eucalyptus subgenus Eucalyptus, which had a negative effect on

254

honeyeater count (Fig. 6a). Leucopogon, Pultenaea and Acacia were the three most important

255

variables for native-bee abundance, while Acacia, Melaleuca, and Pomaderris were the three

256

most important variables for introduced bees (Online Resource 8; Fig. 6c-h). Leptospermum

257

Pultenaea and Pomaderris were most important for beetle abundance (Online Resource 8;

258

Fig. 6. i-k).
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259

260

Fig. 5 Partial dependence plots (dashed-red lines) and individual conditional expectation

261

(ICE; solid-black lines) curves of the land-cover predictors for (a-b) honeyeaters, (c-d) native

262

bees, (e-f) introduced bees, and (g-h) beetle models.

20

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.20.427393; this version posted July 22, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

263

264

Fig. 6 Partial dependence plots (dashed-red lines) and individual conditional expectation

265

(ICE; solid-black lines) curves of the most important genera predictors for (a-b) honeyeaters,

266

(c-e) native bees, (f-h) introduced bees, and (i-k) beetle models.
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267

Discussion

268

We assessed the effect of land use, land cover, and plant genera, on the abundance of

269

multiple pollinator groups across a mixed-use, moderately human-modified landscape. We

270

found the percentage of land cover type i.e., forest versus open land cover was the most

271

important predictor for all models as land cover serves as a source of foraging and nesting

272

(Kremen et al. 2007; Öckinger et al. 2012). As expected, given the dependence pollinators on

273

pollen and nectar, the presence of some plant genera had a positive effect on pollinator

274

abundance. The effect of land use on pollinator abundance varied depending on the

275

pollinating taxa, consistent with previous findings (Winfree et al. 2011).

276

The lower importance of land use compared to land cover and plant genera is consistent with

277

existing literature (e.g., De Palma et al. 2016) and suggests that land use might become

278

important only when extremely modified land-use types (e.g., pure agriculture, or urban) are

279

considered (Millard et al. 2021; Winfree et al. 2009; Winfree et al. 2011). The availability of

280

natural habitat and floral resources present in and around different land-use types are more

281

likely to affect pollinators; for example, (1) pollinators can make use of the pollen and nectar

282

provided by plants in road verges or green infrastructure in agricultural and urban landscapes

283

(Daniels et al. 2020; Phillips et al. 2019) and (2) agricultural landscapes with higher amount

284

of high-quality habitat support a higher abundance and richness of pollinators than

285

agricultural landscapes without such habitat (Kavanagh et al. 2007; Kennedy et al. 2013). The

286

positive effect of plantation and pasture land-use types on pollinator taxa could be attributed

287

to the low land-use intensity of the overall study area (Millard et al. 2021) and/or, due to the

288

availability of plantation and non-plantation forest cover and floral resources in plantations

289

and pastures, respectively (Brito et al. 2017; Kavanagh et al. 2007; Kennedy et al. 2013).
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290

The between-taxa variation on the effect of land use was likely due to species-specific

291

requirements and traits, and the within-taxa variation could be due to the coarse taxonomic

292

identification we used. Species traits are known to influence pollinator response to

293

anthropogenic factors (Cariveau and Winfree 2015; De Palma et al. 2015). The visual

294

sampling of bees and beetles allowed us to assess which plants they visited but limited the

295

taxonomic identification of insects, and small samples sizes made the testing of species-

296

specific responses to the predictor variables unfeasible.

297

The predictive capacity of land cover within the survey area (100 m buffer) versus the land

298

cover within the surrounding area (2000 m buffer) depended on the pollinating taxon, which

299

is consistent with the literature (Bartholomée et al. 2020; Kennedy et al. 2013; Steffan-

300

Dewenter et al. 2002). A possible explanation is that birds, being more mobile, can cover

301

larger distances, and as a result the surrounding land cover was a better predictor than the

302

survey land cover. The difference been introduced bees and native bees could be due to their

303

sizes. Introduced bees consist of honey bees and bumble bees, which are comparatively larger

304

than the native bees. For pollinators such as bees, body size is considered an important factor

305

in their response to land cover at both local and landscape scales (Benjamin et al. 2014). The

306

spatial and temporal distribution of resources is another factor that can influence the effect of

307

land-cover scale on pollinators (Pufal et al. 2017). For instance, the negative impact of open

308

cover on honeyeaters could be due to the lack of resources, as open areas—which tend to lack

309

resources such as food and shelter—are known to negatively impact honeyeaters (Kavanagh

310

et al. 2007), whereas forest cover has been shown to positively influence them (Harrisson et

311

al. 2014). By contrast, resources required by both native and introduced bees could be found

312

in open areas, hence the positive effect on those taxa, consistent with the findings from

313

previous studies (Kaluza et al. 2016). The ICE plots of both open and forest cover showed

314

both had positive and negative impacts on beetles, which might be due to micro-climate, leaf
23
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315

litter and soil variables, all being known to influence beetles (Fountain-Jones et al. 2015).

316

This suggests that the overall low effect of land cover on beetle counts could be due simply to

317

data paucity. The stepwise relation between land cover and pollinator count could be due to a

318

lack of data covering the entire gradient of percentage of land cover, which would result in

319

the effect ‘peaking’ or ‘dipping’ at only certain percentages.

320

The presence of the eucalypt subgenus Eucalyptus was associated with lower honeyeater

321

counts, possibly because of the high abundance of arthropods associated with subgenus

322

Symphyomyrtus compared with Eucalyptus (Dunkerley et al. 1990; Saunders and Burgin

323

2001). This could have led honeyeaters, particularly insectivorous species such as Yellow-

324

throated, Strong-billed, and Black-headed honeyeaters (Thomas 1980), to be more attracted

325

to Symphyomyrtus trees. Pollinator insect abundance was also impacted by the presence of

326

the different plant genera. In particular, the presence of the native genera Acacia, Pultenaea,

327

Pomaderris, Leucopogon, Melaleuca, and Leptospermum was associated with more native

328

bees, introduced bees, and beetles. All these relationships have plausible biological

329

underpinnings. For example, Acacia produces copious pollen (Stone et al. 2003) which is

330

essential for larval provisions for almost all bees (Brosi et al. 2007) while Pultenaea and

331

Pomaderris contain nectar and pollen and are pollinated by bees, beetles and butterflies

332

(Armstrong 1979; De Kok and West 2004; Ogilvie et al. 2009). Leptospermum, in addition to

333

providing nectar and pollen, is also a rich source of fruits and grass-root material which

334

beetles and their larvae feed upon (Andersen and New 1987; Stephens et al. 2005).

335

Overall, we did fond that one size does not fit all—that is, the effects and predictive capacity

336

of land use and land cover in a mixed-use landscape with moderate changes varied depending

337

on the pollinating taxa. Indeed, our results highlight the complexity of pollinator-landscape

338

interactions and that different taxa require different conservation and management policies.
24
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339

Based on our results for the Tasman Peninsula, we recommend the conservation of a mosaic

340

of forest and open land cover, at both small and large scales. We also recommend the

341

management of native plants (and particularly species belonging to the Acacia, Leucopogon,

342

Leptospermum, Melaleuca, Pomaderris, and Pultenaea genera and the subgenus

343

Symphyomyrtus in Tasmania and mainland Australia where applicable) to attract and sustain

344

a community of pollinators.

345

More generally (beyond this case study), such taxon-specific requirements would be of

346

particular importance in landscapes with extreme change or those dominated by a single land-

347

use type (e.g., urban areas), where creating a mosaic of land-cover types is not an achievable

348

option. These recommendations fall within a known framework of choosing native plants that

349

provide nectar and/or pollen resources for a long temporal span (M'Gonigle et al. 2017; Menz

350

et al. 2011). A major advantage of the approach taken in this study, involving machine

351

learning and predictive modelling, is in its ability to subject conservation-management

352

problems to robust, data-driven assessments, and use these to make informed decisions

353

(Thessen 2016; Willcock et al. 2018). Future studies should consider using both active and

354

passive sampling techniques as well as human observations and mechanised methods such as

355

acoustic recorders for birds (Wimmer et al. 2013) and photographic recording of bees (Steen

356

2017), to obtain a more detailed representation of pollinator communities. Although a past-

357

present comparison would be particularly beneficial for assessing the impacts of land-use and

358

land-cover changes on pollinators, we lacked baseline data on pollinators, making

359

comparative space-for-time assessments a logical substitute. Future studies should explore

360

landscapes and databases that provide opportunities to make past-present comparisons, to

361

better understand the impact of land-use and land-cover changes on pollinator taxa.

362
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