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Abstract

1. Aerial counts are the primary means of monitoring waterbird populations. A valid

population assessment requires a significant proportion of the population to be sur-

veyed. For broad-ranging species, this requires costly reconnaissance flights and

surveys over large areas of potential habitat.

2. Here, we assess whether free, autonomously collected weather radar reflectiv-

ity data can identify waterbird aggregations over broad areas of potential habitat,

thereby providing a low-cost means of directing the timing and location of aerial

survey counts.

3. Our studywas undertaken over a large flood plain known to be a key seasonal nest-

ing area of theMagpie Goose (Anseranas semipalmata). A standardized aerial survey

techniquewas employed, firstly using reconnaissance flights to determinewhen the

birds were nesting and then 400-m wide transects 3 km apart over approximately

1100 km, visually counting the geese. Radar reflectivity data from an operational

weather radar in Darwin, Australia, 2 weeks prior to and during the aerial survey,

were processed to link averaged radar reflectivity to terrestrial habitat at a spa-

tial polar resolution of 250m × 0.5◦. A binary classification approach evaluated the

accuracy, precision, sensitivity and specificity of reflectivity data in identifying areas

where the aerial surveys recorded geese.

4. Aerial surveys of Magpie Geese are most effective when the geese are nest-

ing, which is usually identified by reconnaissance flights. Here, we show nesting

correlated with a decline in radar reflectivity and a concentration of hotspots.

By achieving reasonable accuracy and precision (77% and 67%, respectively),

the weather radar reflectivity identified high aggregations of Magpie Geese and

demonstrated high efficacy when identifying areas where Magpie Geese did not

occur (specificity, 94%).

5. We conclude that using weather radar data to guide aerial survey timing would

reduce reconnaissance flight needs, andenable aerial surveys to focus on areaswith

a large proportion of the target waterbird population.

[Correction added on 14 July 2022, after first online publication: Author name Jeffery Buler has been corrected to Jeffrey Buler.]
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1 INTRODUCTION

Waterbirds are a critical part of freshwater ecosystems with their

presence and abundance providing key indicators of wetland health

(Kingsford et al., 2020). They are also often hunted recreationally, har-

vested commercially or taken as a traditional food source. This harvest

model requires regular population assessments to ensure no long-

term declines occur (Kanstrup, 2006; Madsen et al., 2015; Nichols

et al., 1995). Finally, many waterbird species are agricultural pests, and

knowledge about long-term population trends is required to inform

pest mitigation strategies. The assessment of long-term population

trends in waterbird species requires frequent (annual or biannual) sur-

veys over broad areas. The standard method is to use a fixed-wing

aircraft (aerial surveys) with a team of experienced counters and to fly

many kilometres over vast tracts of potential habitat (Bayliss & Yeo-

mans, 1990; Kingsford & Porter, 2009). Whilst the potential habitat

occupied by the waterbirds can be extensive, the majority of the pop-

ulation tends to occupy only a small portion of this area (Kingsford

et al., 2020). However, this can vary from year to year depending on

localized rainfall and the timing of bird arrival and nesting. Therefore,

aerial waterbird counts are required to survey themajority of potential

habitats each year.

An extensive survey of all potential habitat is not always feasible

due to logistical and financial constraints, and managers can adopt a

sub-sampling strategy (Naugle et al., 2000). For example, the poten-

tial habitat for the Magpie Goose (Anseranas semipalmata) population

across northern Australia covers over 2 million hectares of remote

floodplain habitat (Clancy, 2018). The coverage of government aerial

surveys reaches ∼40% of the total potential habitat in any given year

(Figure 1). Spaced survey transects are used within these locations,

returning an overall sampling intensity of <15%. Even with this level

of coverage, the survey costs the government AUD ∼$100,000 each

year in flight and personnel costs. Goose count data confirm that the

plane flies over vast areas of potential habitat where no birds occur

and requires multiple reconnaissance flights to assess whether the

birds are nesting, and thus the optimal time for aerial counts (Clancy,

2018; Kingsford & Porter, 2009). If managers knew where the birds

were aggregating within the potential habitat and the timing of nest-

ing in any given year, it would allow for the concentration of resources

into areas and when the likelihood of counting a significant proportion

of the waterbird population could be maximized. Here, we wished to

assess if reflectivity data, collected frequently by weather radar and

often accessed free of charge, could be used to guide the timing and

spatial focus of waterbird aerial surveys.

Weather radars indiscriminately sample the airspace for precipi-

tation using electromagnetic waves (Chilson, Frick, Stepanian, et al.,

2012; Doviak, 2006; Stepanian et al., 2014). When they hit an object

in the airspace, the signal is bounced back and processed by the sys-

tem to determine the density, altitude and speed (relative to the radar)

of objects within the sampled airspace. These radars provide a near-

continuous coverage (every ∼5–10min) of the airspace up to ∼100 km

from the radar. The density of weather radars is increasing all the time,

with the high temporal and spatial coverage resulting in ecologists

using these data tomonitor themovements and abundance of an array

of flying animals (Bridge et al., 2016; Haest et al., 2021; O’Neal et al.,

2010; Westbrook & Eyster, 2017). Definitive species identification is

challenging when using weather radar data. Therefore, radar is typi-

cally only used to identify known largescale migration events, multiple

species aggregations or animals leaving a point source, such as a roost

tree (e.g. Purple Martins; Bridge et al., 2016; Russell & Gauthreaux,

1998) or a cave (e.g. bats; Boero et al., 2020; Haest et al., 2021). Rather

than occupy distinct point sources (e.g. single roost trees), waterbirds

tend to be distributed more sparsely over broader areas. They also

tend to inhabit highly productive areas and intermingle with other bird

species.

Previous studies have shown that weather radar is capable of

detecting and quantifying relative waterbird density and distribution

(Buler&Diehl, 2009;Buler et al., 2012). Thesedatahave alsobeenused

to undertake a post hoc assessment of the outcomes of a waterbird

management initiative based on when and where birds were aggregat-

ing (Siegeset al., 2014).However, previous studies focussedonmultiple

species aggregations and recognized that accurate population counts

were not feasible with weather radar alone. In practice, management

programs often focus on single species and require highly accurate

monitoring data to determine hunting limits and resource allocation.

So, replacing them with freely accessible radar data is not practical.

However, there has y6et to be a study of how relative waterbird den-

sity anddistribution data derived fromweather radars could insteadbe

integrated into ongoing monitoring programs to improve their design

and implementation.

Here, we aim to assess if freely accessible weather radar data

can be used to illustrate where and when high densities of Magpie

Geese (Anseranas semipalmata) are aggregating on their seasonal nest-

ing grounds. We evaluate the radar’s performance in identifying bird

aggregations against known Magpie Goose densities using a binary

classification approach. Our findings provide context as to how man-

agers may utilize weather radar data to guide the timing and location

of aerial surveys for waterbird population assessment.

2 MATERIALS AND METHODS

2.1 Study area

We obtained data from the weather surveillance radar in Berrimah,

Northern Territory, Australia (ID0063, 12◦27′22.3″S 130◦55′35.9″E),
managed by the Bureau of Meteorology (BOM). This radar covers

approximately 3050 km2 of the total Magpie Goose survey area

(21,437 km2), including the lower reaches of the Adelaide River and

the Mary River (Figure 1). These floodplains are home to various

waterbird species (Chatto, 2005), including a large seasonal pop-

ulation of Magpie Geese (Bayliss & Yeomans, 1990; Clancy, 2020;

Frith & Davies, 1961; Whitehead, 1998). The region provides a

breeding habitat for the species, which arrive from April to May and

remain until September to October (Clancy, 2019; Corriveau et al.,

2021).
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ROGERS ET AL. 3 of 10

F IGURE 1 (a) Overlap in coverage of the Berrimahweather radar (circle) and 2018Magpie Goose survey, undertaken by the Northern
Territory Government over rivers (blue) and associated floodplains east of Darwin, Northern Territory, Australia. Radar coverage at the lowest tilt
angle (0.5◦) wasmasked to remove areas with severe beam blockage and persistent ground clutter (red) andwas limited to 100 km from the radar.
Black stripes represent the aerial survey flight paths. (b) Aerial survey coverage (black stripes) and potential radar coverage at the 100 km radius
(dashed circle), and the location of the study area (rectangle). (c) Location of the study area (circled) within the Northern Territory (grey)

2.2 Magpie goose survey data

In 2018, reconnaissance flights were undertaken on the 10th and 16th

of April before the survey. Following the second flight, managers deter-

mined that the number of nesting birds was sufficient to begin the

annual survey (i.e. eggs had been laid, but most were yet to hatch). The

aerial survey count was undertaken from 29 April to 9 May. Count-

ing was done from a fixed-wing aircraft (Cessna 208 high-wing) by

two observers located on either side of the plane. Across the full sur-

vey area, this design produces 9961 km of 400-m wide strip transects,

with estimatedMagpieGoosedensities being georeferenced to the air-

craft’s location (total survey area = 21,437 km2; Figure 1b). Transect

lines are 1.5′ of latitude apart (∼2778 km), giving an overall coverage

of ∼14.4% of the total survey area. This has been the standardized

Magpie Goose survey technique undertaken by theNorthern Territory

Government since 2011 (Clancy, 2018; Delaney et al., 2009).

2.3 Weather radar data

Level-1 radar data (i.e. volumetric and unadjusted) was obtained from

the Operational Radar Network via the Australian Unified Radar

Archive (AURA) for March and May 2018 for the Berrimah radar in

Darwin (Figure 1). The radar completes a series of horizontal sweeps

of the airspace at 14 vertical elevation angles or ‘tilts’ (between 0.5◦

and 32.0◦) to produce a three-dimensional volume scan every 10 min.

Within each sweep, there are 360 rays (i.e. 1 degree apart) with each

ray consisting of 896 range bins that are 250 m in length and extend

out to 224 km. Thus, individual three-dimensional sampling volumes

are 250 m in length by 1.0◦ in diameter. We used data from sampling

volumeswithin an 80-km range from the radar for analysis.We visually

screened these data using the PythonARMRadar Toolkit (py-ART;Hel-

mus&Collis, 2016; Figure 2) and excludedmorningswith precipitation,

suspected insect clutter, smokeor anomalous beampropagationwithin

the study area. Suspected insect clutter was identified as widespread

low-reflectivity bursts evenly spread around the radar. Although the

patterns were not specifically identified as insects, they were excluded

as they did not match the expected waterbird distribution patterns

seen in previous research (e.g. Buler et al., 2012). Additionally, each

scan’s sampled volumes were excluded from analysis if they were

severely blocked or had persistent ground clutter, totalling 189 km2

(Figure 1a). Finally, we identified four-morning scans with no contam-

ination that represented bird distribution patterns pre-survey (7th of

April), during each reconnaissance flight (10th and 16th of April) and

during the survey (7th ofMay; Figure 2). The full configuration settings

that we used to visualize the level-1 Australian radar data for Figure 2

can be found in Table S1. To better visualize aggregates of birds in these

scans, reflectivity values above 30 dBZ and more than 100 km from

the radarwere excluded (Figure 3a).We converted radar data from the

RAPIC data format used by BOM to netCDF using the Weather Deci-

sion Support System – Integrated Information software (Lakshmanan

et al., 2007).

We followed established methods to calculate the instantaneous

radar reflectivity factor (i.e. density of birds aloft) at the onset of syn-
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4 of 10 ROGERS ET AL.

F IGURE 2 Level-1 (volumetric and unmodified) radar scans closest to the time of sampling accessed using Binder via the Australian Unified
Radar Archive (Soderholm et al., 2019; Table S1) for (a) pre-survey (7th of April), (b, c) during each reconnaissance flight (10th and 16th of April)
and (d) the survey (7th ofMay). Nest symbols represent scans taken after peakMagpie Goose nesting was confirmed. (e–h) Corresponding ranked
reflectivity (low to high) of individual sampling volumes from processedmorning radar scans (pre-survey, two reconnaissance flights and during
the survey, respectively). Only sample volumes with reflectivity≥1were included, representing areas where hotspots of magpie geese were
predicted to occur
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F IGURE 3 Maps of (a) mean radar reflectivity (i.e. index of bird density) around the Berrimah radar during the aerial survey (n= 5
uncontaminated days) and (b) 3 km bandwidth kernel density ofMagpie Goose locations during an aerial survey count in 2018.White areas denote
regions where radar data weremasked from the analysis

chronizedmorning flights of geese from suitable sampling days and link

them to the terrestrial habitat they originated from, that is their take-

off point (Buler et al., 2017; Buler et al., 2012).We sampledbirds during

morning feeding flights to reduce insect contamination. For eachmorn-

ing, we first determined the sun elevation angle at the maximum rate

of increase (hereafter, peak exodus) of reflectivity through time during

the onset of flight exodus as the standard sampling time (Cohen et al.,

2021; McLaren et al., 2018). As this time may vary between mornings,

the peak exodus time for each sampling day was determined individu-

ally. Additionally, the precise time of the peak exodus sun angle varies

among radar sampling volumes within the radar domain and does

not necessarily coincide with the time that radar scans are collected.

Therefore, for the second step, we interpolated the radar reflectiv-

ity factor between successive scans to the sun angle at peak exodus

for each sampling volume using inverse-distance weighting. Third, we

adjusted interpolated reflectivity to account for how the radar beam

systematically samples increasing heights with distance as the beam

propagates out from the radar following the techniques of Buler and

Diehl (2009) andBuler et al. (2012). For this step, we need to derive the

vertical profile of reflectivity (VPR), which is a function that describes

the vertical distribution of birds in the air at peak exodus as the ratio

of the mean reflectivity at a given height to the mean reflectivity in

the entire airspace from the ground to 1.75 km above the ground (the

approximate height of the upper limit of the radar beam inclined 0.5◦

in elevation within an 80-km range from the radar) within the radar

domain. Because bird activity close to the radar for deriving the VPR

was too sparse, we used a static reference VPR derived from a large

sample of comparable radar-observed emergence data of waterfowl

flights at peak exodus from North America (Buler et al., 2012). This

approach is reasonable as the vertical ascent rate among waterfowl

species varies little (Hedenström & Alersram, 1992). We extrapolated

themean reflectivity of birds to the entire column of airspace by divid-

ing interpolated radar reflectivity by the mean VPR ratio within each

sampling volume. Fourth, we ‘flattened’ this volumetric bird density

to the ground by multiplying it by 1.75 km (i.e. the airspace height

of concern) to obtain vertically integrated reflectivity (VIR): the total

reflected cross-sectional area of birds within a vertical column in units

of cm2/ha. We georeferenced the two-dimensional spatial extent of

sampling volumes (250 m × 1.0◦) in order to map and analyse VIR

within a GIS. Mean VIR was visualized across sampling mornings using

ArcGIS Pro (version 2.5.0) in quantiles by 10 classes to produce visual

hotspots of activity (Figure 3).

2.4 Data Analysis

To quantify changes in abundance and distribution of Magpie Geese

that would indicate movement into nesting areas, four representative

scans were selected during the screening processes. Individual poly-

gons were ordered and plotted within the study area for each scan

by increasing reflectivity (where mean reflectivity was ≥1). The total

background reflectivity across the study area was also calculated.

Weestimated a continuous kernel density surface (Silverman, 1986)

from the survey-derived Magpie Goose location and count data with a

bandwidth size of 3 kmtomatch thedistancebetween survey transects

(Figure 1). Mean kernel density was summarized within the individ-
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TABLE 1 Results of the binary classification used to determine the
capacity weather radar to predictMagpie Goose presence and
hotspots based on densities recorded during an aerial survey. The
matrix and formulas used aremodified fromCampbell et al. (2013)

Measure Formula

Detection

ofMagpie

Geese by

the radar

Accuracy (TP+ TN)/

(TP+ TN+ FP+ FN)× 100

77%

Precision TP/(TP+ FP)× 100 67%

Specificity TN/(TN+ FP)× 100 90%

Sensitivity TP/(TP+ FN)× 100 32%

Abbreviations: FN, false negative; FP, false positive; TN, true negative; TP,

true positive.

ual polygons, and a binary classification method was used to test the

performance of the radar in detecting Magpie Geese (Figure 1; Camp-

bell et al., 2013). Estimates of bird density from both the radar (i.e.

reflectivity) and aerial survey were converted to presence–absence

data.

Bird presence was defined as mean reflectivity ≥1 for radar (i.e.

areas of high bird density; Figure 3) and mean kernel density >0 for

survey data (i.e. Magpie Geese present). These values were used to

classify the estimates of bird density for each radar polygon as true

positive (high reflectivity detected where Magpie Goose are present),

true negative (low or no reflectivity detected where no Magpie geese

are present), false positive (high reflectivity detected where no geese

are present) or false negative (low or no reflectivity detected where

Magpie Geese are present). These values were used to answer the

following questions about the predictive power of weather radar for

Magpie Goosemapping, using the formulas found in Table 1:

1. Accuracy: Howmany locations did the radar correctly identify out of

all sampled locations?

2. Precision: How many of the locations with high reflectivity con-

tained geese?

3. Specificity: Of all the locations where there were no geese, how

many of these had no or low reflectivity?

4. Sensitivity: Of all the locations that contained geese, howmany had

high reflectivity?

3 RESULTS

Wesampled and adjusted radar data for five contamination-freemorn-

ings during the survey period and three mornings before the survey

took place. Five days were excluded due to precipitation and 1 day due

to anomalous propagation of the radar beam. The area to the east of

the radar is relatively flat, so clutter was low across the survey area.

3.1 When to survey—predicting the progression
of nesting

When theMagpieGeesewere nesting as opposed to just being present

on the floodplain was confirmed visually during reconnaissance flights.

These flights confirmed that there was no significant nesting occurring

on the 10th of April, but by the 16th of April nesting had progressed

to the point that the population surveys could begin. In the raw radar

scans prior to goose nesting season (7–10 April), the birds were widely

distributed across the radar domain, but once the geese were nesting

(from 16 April) the high reflectivity zones became increasingly con-

centrated to the northeast quadrant (Figure 2a–d). In the processed

data, we detected hotspots of activity in a smaller number of sam-

pling volumes when the geese were nesting (Figure 2e–h). This also

suggested that birds were concentrating in high numbers in a small

portion of the radar domain. Additionally, there was a reduction in the

total radar reflectivity,which correlates to a reduction in thebiomassof

birds detected in the air by the radar atmorning exodus (from>10,000

to<4000 cm2/ha).

3.2 Where to survey—predicting density
distribution

The aerial survey found four major hotspots of Magpie Goose activ-

ity. The total area covered by individual sampling volumes with ‘high

reflectivity’, indicative of bird presence (i.e. mean reflectivity ≥1), was

13% of the study area and 26% of the overall potential habitat for

Magpie Geese in the area (Figure 3a). The main hotspots for Magpie

Geese were in the Lambells Lagoon Conservation Reserve, the down-

stream eastern floodplains of the Adelaide River, near Lake Finnis, and

the coastal region of the Mary River National Park (Figure 1a). High

reflectivity areas spatially aligned with these four locations, with an

additional area of high reflectivity being identified upstream of the

Adelaide River near Daly.

Weather radar correctly identified 77% of all locations across the

survey area as either geese present or absent (Table 1). Of the loca-

tions identified aswaterbirdhotspots, 67%trulyhadgeesepresent. For

those identified as containing no waterbirds, 90% truly had no geese

present. However, of all the individual sampling volumes where Mag-

pie Geese were present, only 32% were identified as hotspots by the

radar.

4 DISCUSSION

Our results demonstrated that the reflectivity data showed when

and where waterbirds were aggregating and hence there was a high

probability that Magpie Geese were present in these locations. This

information can be used to advise the optimal time to undertake

the aerial survey to capture the greatest proportion of nesting birds.

The weather radar also suggested that most of the goose population

occurred within only 26% of the overall potential habitat. Therefore,
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time, costs and effort would have been saved if the aerial surveys were

only undertaken in areas identified by theweather radar to have a high

likelihood of goose occurrence, whilst the goose abundance counts

would likely have been very similar. Although this study focussed on

Magpie Geese, the approach could be used for similar populations or

communities ofwaterbirds that aggregate in largenumbers andengage

in predictable mass flight events. As weather radar data are freely

available, we argue these data offer significant potential for reducing

the time, effort and costs of undertaking aerial surveys of a variety of

waterbirds by focusing resources into times and areas with the highest

likelihood of bird occurrence.

Aerial surveys of waterbird populations generally take place on

an annual or biannual basis at a fixed time of year (e.g. Kingsford &

Porter, 2009). For many species, this strategy works because move-

ment and breeding patterns are fairly consistent. However, in less

predictable landscapes waterbirds often respond rapidly to changes in

their environment (Teitelbaum & Mueller, 2019). To account for this

unpredictability,managersmayadopt a flexible timing system for aerial

surveys to avoid surveying wetlands when birds are not present. For

example, for Magpie Geese the timing of surveys is changed each year

to reflect peak nesting activity (i.e. after laying but before most eggs

hatching)whenbirds are likely to be concentrated in smaller areas suit-

able for breeding (Clancy, 2018; Frith & Davies, 1961). However, this

method requires expensive and often repeated, reconnaissance flights

to take place to assess nesting progression. Here, we showed that raw

radar data can be used as a tool to indicate when significant changes in

distribution occur for aggregating waterbirds. The observed contrac-

tion in the reflectivity data and reduction in flight activity fromweather

radar was confirmed by a reconnaissance flight to coincide with peak

goose nesting. This finding is also supported by a satellite telemetry

study of the Magpie Geese in our study area that reported the uti-

lization distributions of individual geese to be lowest around the same

time that radar data showed the contraction (Corriveau et al., 2021).

It would also be expected that fewer birds would be in the air during

morning feeding flights when the eggs are present in the nests because

the parents tend to remain on the clutch (Whitehead, 1999).We argue

that radar data could be used to estimate peak nesting and reduce

the need for multiple reconnaissance flights. This technique could also

be applied to other waterbird populations that have unpredictable

movement patterns.

Another technique managers can use to reduce unnecessary costs

in aerial surveys is to target or exclude locations. For example, for

the Eastern Australian Waterbird Survey (Kingsford et al., 2020), sur-

veys occur at the same time each year, but satellite imagery is used

to exclude dry wetland areas from flight planning. However, there may

still be large ‘wet’ areas that donot contain birds being surveyedunnec-

essarily. Here, we showed that radar detected Magpie Geese with

high accuracy and true negative rates but moderate positive predic-

tive power and low true positive rates. This means that if managers

sampled only those areas where radar detected high reflectivity, while

they would still sample some areas where geese were not located (due

to false positives in the radar triggered by other flying animals), they

would miss very few birds (false negatives in the radar not identifying

goose aggregations). Therefore, considerable effort and money could

havebeensavedby targeting largeblockswhereweather radar showed

high reflectivity and excluding areas where the radar showed no or

low reflectivity. Alternatively, if the same flight distance (1116 km)was

constrained to areas identified by the radar as potentially containing

Magpie Geese, then the transect lines could have been closer together,

and the survey area coverage increased from ∼14.4% to 70% for the

same time and costs.

The moderate positive predictive power and low true positive rates

(precision and sensitivity) in our study suggest that a measure of abso-

lute abundance of Magpie Geese derived from the weather radar

would have a high degree of error. This is partially because we only

had a single year of data to compare, but also because the radar could

not discriminate between geese and other flying animals. For locations

where the species of interest are not as dominant in the landscape,

weather radar is unlikely to be a useful tool and other methods will

need to be applied. Additionally, previous studies using weather radar

have provided an abundance of estimates of flying animals from radar

(Meade et al., 2019; O’Neal et al., 2010); however, these required

large ground-truthing data sets over multiple years or accurate esti-

matesof the target species radar cross-section (RCS)—ameasureof the

detectability of an object by the radar. As there are issues with using

this technique for waterbirds, we argue its utility needs to be refined

before it could be valuable in waterbird abundance estimates.

While weather radar has great potential for determining when and

where to undertake aerial surveys, users should carefully consider the

fundamental limitations of these data. First and foremost, to be use-

ful, the population of interest needs to intersect with the radar beam

during mass exodus events, such as morning or evening feeding flights.

While the size of species is not necessarily critical, a larger biomass of

birds will produce better results. Therefore, solitary species or those

with smaller colony sizes may not be suitable for radar monitoring.

Radar applications for waterbirds are also generally limited within 80–

100 kmof the radar, as beyond this range, the beam tends to overshoot

flying birds (Buler & Diehl, 2009). Close to the radar and in locations

with significant topographic variation (or other physical structures),

blockage of the radar beam further reduces the total area sampled.

Therefore, if managers intend to use weather radar to guide aerial sur-

vey counts, we recommend conducting a viability study of the radar’s

capacity to sample the waterbird populations of interest.

In this study, we adjusted the raw reflectivity data to improve the

estimated waterbird occupancy patterns (Buler & Diehl, 2009; Buler

et al., 2012). These corrections increased spatial detail by accounting

for where and when birds were expected to intersect the radar beam

and how the radar samples the airspace. There is still a steep learning

curve in understanding and applying these steps which may limit their

use. However, we also found there was value in using the radar raw

reflectivity data to advise when a significant proportion of the water-

bird populationwas nesting.Managers could therefore use these easily

accessible data as a planning tool in the lead up to annual surveys,

to determine whether birds are concentrating in the survey area and

when they are likely to reach peak nesting levels. In the longer term,

investment into automated processing tools could allow managers to
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F IGURE 4 Important wetlands within 80 km of operational weather radars in the Australian Radar Archive. Operational weather radars: pink;
Individual radar coverages: grey circles. Important wetlands are defined as those included in the Australian Directory of ImportantWetlands (solid
blue) and Ramsar-listed wetlands (hatched)

access real-time estimates of waterbird density derived from radar.

Thiswould be similar to the interactivewaterfowl trackers being devel-

oped in the United States for the poultry industry using environmental

data and historical radar data (Buler &, Pitesky, n.d.; Halligan, 2019).

We also found that the weather radar reflectivity showed hotspots

when no geese were present. Although these false positives were

few, they would still waste time and effort if they directed survey

efforts into these areas. Continued upgrades to networks to include

dual-polarized radars may improve these errors because they make it

possible to differentiate between signals from different sources under

the right circumstances (Bauer et al., 2019; Stepanian et al., 2016).

In the United States, improved radars have allowed the development

of automatic precipitation filters (Ansari et al., 2018; Lin et al., 2019;

Van Doren & Horton, 2018) and machine learning modules to iden-

tify specific species from radar data (Cheng et al., 2020; Chilson et al.,

2019).

Integrated networks are making weather radar data more acces-

sible (Chilson, Frick, Kelly, et al., 2012; Nilsson et al., 2019; Rogers

et al., 2020), and these data are becoming increasingly open source and

available in near-real time (Rogers et al., 2020). Such advancements

offer huge potential for low-cost planning tools for natural resource

managers, saving time, costs and effort inwaterbird population assess-

ment. For example, weather radar was used to assess the success of

intentional flooding of agricultural lands as a management strategy to

provide habitat for waterbirds following the Deepwater Horizon oil

spill in the United States (Sieges et al., 2014).

There is an extensive network of over 60 weather radars across

Australia with a coverage of up to 1.4 million km2 (at 80-km radius;

Figure 4). It is relatively sparse in comparison to the continental cov-

erage of networks in the United States with >160 radars and Europe

with >100 radars (Heiss et al., 1990; Huuskonen et al., 2014). How-

ever, Australia’s network still covers over 100,000 km2 of wetlands in

the Directory of ImportantWetlands Australia (∼20% of the total wet-

lands area), wherewaterbirds are surveyed annually by crewed aircraft

(Kingsford & Porter, 2009; Kingsford et al., 2020), including Ramsar

listed sites (Ramsar Convention Secretariat, 2013). These aerial sur-

veys are extensive, expensive and have a coarse spatial resolution. The

recent move to make open access the large, long-term data sets of

the Australian Waterbird Surveys (Kingsford et al., 2020) provides an
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opportunity for a large-scale ground-truthing of the feasibility to use

weather radar for waterbird aggregationmapping.
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