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Abstract 18 

Since the first studies in the mid-20th century, lightweight electronic tracking devices have been 19 

increasingly used to study waterfowl movements. With half a century of experience and growing 20 

sample sizes, it has become clear that the attachment of a tracking device can affect a bird’s behaviour 21 

and fitness. This becomes problematic when it introduces uncertainty about whether the recorded data 22 

represent natural behaviour. Waterfowl may be particularly prone to tag effects, since many species 23 

are migratory and tracking devices can disrupt their waterproof plumage. The primary aim of this 24 

paper is to identify how tracking devices may affect waterfowl survival, migration and reproduction, 25 

and how better measuring and reporting of such effects can improve our understanding of the risks, 26 

providing a first step towards reducing their impact in future studies. We reviewed literature on 27 

electronic tracking of waterfowl to create an overview of currently recognized effects of harness-28 

attached backpacks, implants, subcutaneous attachments and neck collars. Additionally, we analysed 29 

developments in the use of attachment methods, the weight of tracking devices relative to bird body 30 

mass, and the reporting rate of effects of tracking devices in 202 original tracking studies. We found 31 

that although the number of waterfowl tracking studies described in peer-reviewed literature has 32 

steeply increased over the past decades, reporting rates of potential effects have decreased from 65.0% 33 

to 26.5%. Meanwhile, the mean weight of the tracking devices relative to the bird’s body mass 34 

remained stable around 2.0%. Major negative effects were reported in 17% of all studies and were 35 

found for all attachment methods. Overall, large differences exist in the occurrence and type of 36 

negative effects between species and studies, even if the same tracking methods were used. 37 

Inconsistent reporting of effects, lack of control groups to measure effects and incomplete descriptions 38 

of the methodology hamper the identification of factors contributing to these effects. To accomplish a 39 

reduction of adverse effects of tracking, it is necessary to improve the measuring and reporting of 40 

effects. We propose a framework for standardized reporting of methods in primary tracking studies 41 

and standardized protocols to measure effects of tracking devices on waterfowl.  42 

 43 
Keywords: Anatidae, GPS logger, radio transmitter, satellite telemetry, tracking studies, waterfowl 44 
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Introduction 46 

The development of lightweight electronic tracking devices, which can transmit or log global positions 47 

and are small enough to deploy on free-ranging wild birds, has unchained a revolution in ornithology 48 

(Bridge et al. 2011). Such devices enable tracking of birds during their entire annual cycle, and 49 

assessing fine-scale movement behaviour and individual behavioural strategies, which is difficult or 50 

impossible using conventional marking methods (metal rings or colour bands), especially in long-51 

distance migrants. The ability to remotely track bird movements with high resolution and accuracy, for 52 

example using current GPS-transmitters (up to 5m accuracy with a GPS-fix every 3 seconds), has 53 

greatly improved our understanding of their behaviour and ecology, with important implications for 54 

their conservation (Kays et al. 2015). Due to their large body size, waterfowl (swans, geese and ducks) 55 

were already tracked regularly by radiotelemetry since the 1960s (e.g., Raveling 1969). When satellite 56 

transmitters were introduced in the 1980s, waterfowl were among the first birds to which attachment 57 

of the relatively large first models was considered acceptable (e.g., Trumpeter Swan Cygnus 58 

buccinator and Tundra Swan C. columbianus; Strikwerda et al. 1986). As tracking devices became 59 

smaller, lighter and cheaper over the years (Bridge et al. 2011), their use on birds has become a well-60 

established tool in ornithology and an increasing number of species are being tracked in their natural 61 

habitat.  62 

 63 

However, with an increasing availability of tracking devices and the corresponding increase of 64 

individual birds on which they are being deployed, the need to understand and reduce their potential 65 

detrimental effects on birds is ever pressing. A growing number of publications show that tracking 66 

may come with a cost for the animal, which becomes especially problematic when it affects the 67 

measured behaviour (reviewed in Barron et al. 2010, Calvo & Furness 1992, Murray & Fuller 2000, 68 

White et al. 2013). Among the negative effects identified in these reviews are increased mortality, 69 

disturbed (migratory) behaviour and reduced reproductive success, eventually resulting in lower 70 

fitness. Study species, transmitter type and attachment method are the most obvious factors that may 71 

determine the effect on a bird and thus the success or failure of a tracking study. Taking these factors 72 

into account when designing a telemetry study is not only important for animal welfare, but will also 73 
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ensure that the researcher can be confident that the observed behaviour (e.g., migration strategy) is not 74 

an artefact of the tracking method (Wilson & McMahon 2006). Thorough understanding of such 75 

factors, especially prior to studying an unfamiliar species or using unfamiliar materials or techniques, 76 

requires open communication among researchers and the exchange of positive as well as negative 77 

experiences from the field. 78 

 79 

Important contributions to communication about effects of telemetry on birds have already appeared in 80 

scientific literature. A comprehensive meta-analysis of transmitter effects on a wide range of bird 81 

species by Barron et al. (2010) has shown that tracking devices often (but some more than others, see 82 

White et al. 2013) affect the birds carrying them. Although the study did not find a direct effect on 83 

flight ability, some degree of negative effects were found for all other aspects of the birds’ ecology 84 

and behaviour covered in this study. Energy expenditure and the probability to initiate nesting were 85 

most strongly affected, with obvious long-term fitness consequences. A meta-analysis of tagging 86 

effects on seabirds (Vandenabeele et al. 2011) found that despite a growing number of studies making 87 

use of tracking devices, still relatively few studies explicitly consider the possible adverse effects on 88 

their study species.  89 

 90 

In this study, we focus on waterfowl (Anatidae), a group of birds that, despite their large body size, 91 

may be particularly prone to negative effects. Many waterfowl populations are migratory (del Hoyo et 92 

al. 2016) and may be energetically constrained by carrying a tag (Pennycuick et al. 2012). Also, due to 93 

their aquatic habitat, the breaching of their waterproof plumage by device attachment may affect their 94 

thermoregulation (Bakken et al. 1996, Latty et al. 2016, Paquette et al. 1997). Thanks to the long 95 

history of waterfowl tracking, much experience has been acquired by researchers in the field. 96 

Accordingly, papers discussing effects of loggers on several waterfowl species appear regularly in 97 

literature, but considering the vast number of species tracked in the past decades, much more 98 

information on the extent of these effects must be available. Disclosing this information is essential to 99 

improve tracking methods and reduce the associated negative effects. The primary aim of this paper is 100 

to identify which problems are associated with different tracking methods and study species, and to set 101 
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out directions towards the reduction of adverse effects in future studies, for which we deem improved 102 

measuring and reporting of these effects an important first step. 103 

 104 

To this end, we reviewed the effects of tracking devices and attachment methods described in 105 

literature and evaluated the occurrence and the reporting rate of effects in 202 primary tracking 106 

studies. Based on our findings, we propose a standardized format for reporting details of tracking 107 

methods used in waterfowl studies and give suggestions on how studies can be set up in order to 108 

improve detection of potential adverse effects of tracking devices on the study species. We hope that 109 

this will facilitate identification of best practice methods for each combination of tracking method and 110 

waterfowl species. It is important to note that many of the field studies covered in this paper are based 111 

on pioneering work and it is explicitly not our intention to judge the practices of any individual 112 

researcher or research group. Rather, we hope to show here that these studies are now invaluable for 113 

evaluating how we can prevent problems in the future, which will ultimately lead to better science.  114 

 115 
Methods 116 

To evaluate the occurrence and reporting rates of potential effects, we performed a literature search in 117 

Web of Science and Google Scholar in December 2015 using the following search terms: (goose OR 118 

swan OR duck) AND (tracking OR GPS OR telemetry). We then included every study which was 119 

performed in the field (no captivity studies), and which used any attached electronic tracking device 120 

on waterfowl (thus including the full range of VHF-transmitters, PTT satellite transmitters, GPS-121 

loggers, GPS-GSM transmitters and geolocators), attached using any method (thus including harness 122 

attachments, implants, neck collars, subcutaneous attachments, and other methods). We complemented 123 

this list by reviewing cited and citing papers, finally resulting in a set of 202 relevant studies (see 124 

Table S1 in the Supporting Information for the complete list). Note that this list of waterfowl tracking 125 

studies is not fully comprehensive, but provides a representative sample for our evaluations. From this 126 

set of studies, we extracted basic details on tracking methods, study species, whether effects of 127 

tracking devices were reported and which effects were reported, when possible subdivided in effects 128 

on survival, migration and reproduction (Table S2). We considered a study to report effects if it 129 
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compared the performance of birds equipped with tracking devices with a control group or with data 130 

extracted from earlier studies or other literature. For studies not reporting the body mass of the birds, 131 

we extracted the mean body mass for the relevant species and sex from the Handbook of Birds of the 132 

World (del Hoyo et al. 2016). If it was unclear which sex was tracked, we used the average weight of 133 

males and females taken together. By dividing the weight of the tracking device by the bird’s body 134 

mass, we calculated the relative weight of the tracking device. For this calculation we excluded studies 135 

that failed to report the weight of the tracking device or did not specify device weights used for 136 

different study species. For classification of the attachment methods, we followed the definition of 137 

Roshier and Asmus (2009): 1) harness backpack, 2) abdominally implanted, 3) anchored in skin, and 138 

4) neck collar. Their fifth category was “tags attached to feathers”, but this method was used so rarely 139 

that we combined it into an “other methods” category, including also tags glued to other parts of the 140 

body, or to plastic leg rings. For the category of harness backpacks, we found only studies using wing 141 

loop attachments, none of the studies in our analysis used leg loop attachments. 142 

 143 
Waterfowl tracking - a brief history 144 

Our literature review revealed that the use of telemetry to remotely track waterfowl movements has 145 

increased rapidly over the past three decades (Fig. 1). So far, tracking devices have been deployed on 146 

waterfowl on all continents where waterfowl occur and included at least 54 species. Most tracking 147 

studies have been carried out in North America, making up 63% of the papers in this review. Europe 148 

and Asia lag far behind, accounting for 18% and 12% of the tracking studies, respectively. Less than 149 

5% of all tracking studies were carried out in Africa and Australia, and our literature search revealed 150 

only one study from South America. The first tracking studies were carried out in the 1960s (first 151 

studies in our review were carried out in the 1970s) and exclusively used radio-transmitters. The first 152 

published study using platform transmitter terminals (PTTs, also known as satellite transmitters) 153 

appeared in 1986, and since then PTTs have become most used device in telemetry studies (Fig. 1a). 154 

However, since its first appearance in 2005, tracking devices using GPS have become increasingly 155 

popular in waterfowl telemetry and studies using this method already made up 42% of the publications 156 
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in 2015. It would be expected that studies using GPS devices will soon outnumber those using PTTs. 157 

Clearly, this field of research is still under rapid development. 158 

 159 

Although tracking devices have changed over the years, the relative use of different attachment 160 

methods has remained largely unchanged (Fig. 1b). Backpack harnesses, the first method used to 161 

attach tracking devices, are still the most common method, followed by implantation. Neck collars 162 

were used more often in the early 2000s, but have been used irregularly in the past 10 years. Apart 163 

from differences between attachment methods in adverse effects for waterfowl, the choice of 164 

attachment method should also depend on the research question of the researcher (Kölzsch et al. 165 

2016). Harness-attached backpacks have the benefit of bringing the tracking device close the centre of 166 

gravity of the bird (Kölzsch et al. 2016), while its placement on the back creates a large surface for 167 

charging of solar panels. Transmitter implantation in the abdominal cavity is sometimes preferred over 168 

the use of backpacks, especially in diving species, since this overcomes the problem of interruption of 169 

the waterproof plumage, as well as the problem of drag created by external devices during flying or 170 

diving. The main drawbacks of this method are that it does not allow the use of a solar panel to charge 171 

the batteries and that the procedure requires surgery by a specialized veterinarian. Mortality during or 172 

shortly after surgery can occur (e.g. Rosenberg et al. 2014), and some studies using internal antennas 173 

also report a limited signal range of the transmitter as a major disadvantage (Olsen et al. 1992). 174 

Tracking devices can also be attached partly or completely subcutaneous. After making a small 175 

incision in the skin, either anchors attached to the tracking device (on one or two ends, e.g., Lewis et 176 

al. 2008) or the complete tracking device can be placed under the skin (e.g., Korschgen et al. 1996a), 177 

after which the incision can be closed by suture and/or glue. Depending on the scale and duration of 178 

the operation, birds can be briefly anesthetized (e.g., Brook and Clark 2002). An important drawback 179 

of this attachment method is the high loss of subcutaneously attached transmitters, as was found in 180 

studies on Mallard Anas platyrhynchos (31 out of 49 transmitters lost, Rotella et al. 1993), Northern 181 

Pintail Anas acuta (37 out of 82 lost, Fleskes et al. 2003) and Northern Shoveler Anas clypeata (20 out 182 

of 42 lost, Zimmer 1997). Neck collars with inscriptions are a common method to mark waterfowl, 183 

especially longer-necked species, for easy recognition in the field (e.g., Murray and Fuller 2000, 184 
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Clausen and Madsen 2014), but they can also be used as a basis for the attachment of tracking devices. 185 

As neck collars are exterior, they can be used for devices working on solar power. 186 

 187 

Since the start of telemetry in birds, the mass of the tracking device relative to the bird’s body mass 188 

has received much attention to make sure that the bird would not carry too much additional load. As a 189 

rule of thumb, devices weighing up to 5% of the body mass were considered acceptable and this was 190 

later reduced to a preferred 3% as tracking devices became smaller (Kenward 2001). Already in the 191 

first telemetry studies in waterfowl, the relative mass of tracking devices was kept around 3% of the 192 

bird’s body mass. This was mainly due to the large species selected for these studies. Despite the 193 

decreasing weight of tracking devices over time (especially PTTs and GPS transmitters, Fig. 2a), the 194 

weight relative to the bird's body mass has not decreased much on average and remained stable around 195 

2%, with occasional extremes within studies down to 0.1% and up to 6.5% of the bird’s body mass 196 

(Fig. 2b). Part of the explanation for this is that smaller devices are used to track smaller waterfowl 197 

species. Radio transmitters have long been light enough to track small duck species, but only since a 198 

few years these species could be tracked using PTT or GPS devices, which provide much more data. 199 

The first waterfowl species lighter than 500 g to be tracked using modern tracking devices was the 200 

Eurasian Teal Anas crecca (mean weight 325 g), tracked with 9.5 g GPS-PTTs in 2007 (Palm et al. 201 

2015). Another important explanation is that with the development of telemetry techniques, 202 

researchers opted for novel devices with more possibilities, rather than reducing device weight. 203 

 204 
Effects of tracking devices on waterfowl 205 

An important first step towards avoiding or reducing effects of deploying tracking devices on 206 

waterfowl is to know what can go wrong. We found that 17% of all original tracking studies (40% of 207 

studies reporting potential effects) reported major, long-lasting negative effects of their tracking 208 

method. Here, we review the effects of different transmitter attachment techniques on waterfowl, 209 

including effects on survival, behaviour, migration and reproduction. 210 

 211 
Harness-attached backpack  212 
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Harness attachment methods can have strong negative effects on survival. In one of the first studies 213 

using a harness as attachment method, all swans equipped with PTTs died before or during migration, 214 

which was attributed mostly to the weight of the 170 g devices (Strikwerda et al. 1986). Over the years 215 

it has become clear that apart from the burden of carrying a heavy device, harness backpacks 216 

themselves are probably the main cause of deleterious effects on the birds carrying them. The main 217 

problematic features of harness backpacks are that they are relatively large external structures causing 218 

abrasion and drag, disrupt waterproof plumage and that the harness may be too loose or too tight, 219 

partly depending on the bird’s body stores, which can vary greatly over the year especially in migrants 220 

(Perry 1981, Garrettson et al. 2000, Pennycuick et al. 2012, Kesler et al. 2014). Effects on survival are 221 

most often detected by low return rates of tagged birds to breeding or staging sites compared to ring-222 

marked individuals. The lowest return rate was reported in a study on female Barrow’s Goldeneyes 223 

Bucephala islandica, with none of 16 tagged birds being recaptured in nest boxes during successive 224 

breeding seasons, relative to a background return rate of 66% (Robert et al. 2006). Almost as poor was 225 

the 4% return rate of 62 Brent Geese Branta bernicla fitted with backpack transmitters to their 226 

Alaskan breeding site, compared to 57-83% return rates of colour-ringed individuals (Ward and Flint 227 

1995). In a study in Saskatchewan, Canada, Mallards with harness transmitters had a return rate of 228 

22.6% to their breeding grounds compared to 55% in individuals with an implanted transmitter (Dzus 229 

and Clark 1996). Given the high site fidelity of these species, mortality is the most likely cause of 230 

these low return rates, although emigration cannot be fully ruled out. In contrast, other studies did not 231 

find any effects of harness attachments on survival. Survival rates over the course of the breeding 232 

season did not differ between Blue-winged Teals Anas discors with a harness backpack (61% survival 233 

over 90-day period) and individuals with an implanted transmitter (73% survival over 90-day period), 234 

and although both groups could have suffered from reduced survival, the observed cases of mortality 235 

in this study seemed unrelated to the transmitter (Garrettson and Rohwer 1998). Winter survival of 236 

Northern Pintails did not differ between tagged and control individuals (Fleskes 2003). Cappelle et al. 237 

(2011) reported loss of signal for nine out of 47 harness-attached satellite transmitters within 3 days 238 

after deployment for Garganey Anas querquedula (1 out of 18), Fulvous Duck Dendrocygna bicolor 239 

(2 out of 3) and Comb Duck Sarkidiornis melanotos (4 out of 20). Signal loss may result from 240 
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transmitter failure, and bird mortality was only confirmed in four of these cases. The authors 241 

speculated that this was related to stress induced by handling and capture. Other studies did not 242 

observe increased mortality shortly after release (e.g., Garrettson and Rohwer 1998). Linking long-243 

term effects of transmitters to bird mortality is often difficult in the field. 244 

 245 

Besides occasionally reported to increase mortality, harnesses have been found to affect behaviour of 246 

tagged birds. Disturbed behaviour shortly after tag deployment is reported regularly, involving 247 

increased maintenance behaviour and reduced foraging (Perry 1981, Pietz et al. 1993, Blouin et al. 248 

1999, Glahder et al. 1997, Garrettson et al. 2000, Robert et al. 2006). In some studies these effects 249 

diminished over time (Glahder et al. 1997, E.K. pers. obs.), while they persisted in others (Perry 1981, 250 

Garrettson et al. 2000). In several cases, avoidance of water was observed, most likely due to loss of 251 

waterproofing capacity of the plumage caused by the harness, which may limit the access to food, 252 

reduce body condition and prompt (sometimes fatal) illness or starvation (Perry 1981, Garrettson et al. 253 

2000, Kesler et al. 2014, E.K. pers. obs.). On the longer term, feather and skin abrasion may occur, 254 

especially on the bird’s back (underneath the transmitter) or at the pectoral muscle where the harness 255 

goes under the wing (Perry 1981, E.K. and T.L. pers. obs.). These abrasions could potentially lead to 256 

infection of the skin or altered behaviour due to thermoregulation problems. It should be noted that 257 

most physical effects can only be observed when birds are recaptured or when transmitter effects are 258 

tested in captivity. However, as most captivity studies (e.g. Capelle et al. 2011, Nuijten et al. 2014) are 259 

relatively short term (1 - 2 months) and captive birds are often incapable of prolonged flight, it 260 

remains difficult to fully assess the negative effects of transmitters. 261 

 262 

There is also evidence that harnesses increase the costs of migration. The shape and size of external 263 

backpacks (including presence of an external antenna) can greatly affect the drag during flight. An 264 

increased drag, rather than the mass of the device, may reduce the migration distance and the reserves 265 

of the birds upon arrival, as shown by computer simulations by Pennycuick et al. (2012). This is 266 

supported by Bowlin et al. (2010) who show that backpack attached geolocators on stuffed Common 267 

Swifts Apus apus increased drag and thus their flight ranges. Similarly, Hupp et al. (2015) found that 268 
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Northern Pintails equipped with 12 - 20g satellite transmitters (1 - 3% of the bird’s body weight 269 

(BBW)) in East Asia build up a delay of 7.7 days per 1000 km during their migration compared to 270 

birds that were only ringed. Higher energetic costs during flight are given as a likely explanation. In a 271 

recent study on Barnacle Geese Branta leucopsis, timing of migration of individuals equipped with 272 

GPS-loggers (35g, 2% BBW) was slightly delayed in the first stretch of northward migration when 273 

compared to individuals that carried lightweight (1 g) geolocators on their colour rings (Lameris et al. 274 

unpublished data). Blouin et al. (1999) speculate that the tag or harness may have contributed to the 275 

fact that none of the six satellite-tagged Greater Snow Geese Chen caerulescens in their study 276 

completed migration successfully (tag weight: 100 - 140g, 4 - 5% BBW). However, migration is not 277 

always affected, given the lack of any difference in timing of arrival at spring staging sites in 278 

Greenland White-fronted Geese equipped with dummy satellite transmitters (38 - 54g, 1.5 - 2.0% 279 

BBW; Glahder et al. 1997) and timing of arrival and departure at a fall staging site in radio-tagged 280 

Brent Geese B. b. nigricans (radio transmitters of 26 - 25g, 1.5 - 2.0% BBW; Ward and Flint 1995) 281 

compared to ringed-only individuals. It is likely that effects on energy expenditure or flight capacity 282 

are especially manifesting during the most energy-demanding migratory flights, as suggested also by 283 

the loss of three satellite tagged Garganeys during the last stretch of their migratory flight across the 284 

Sahara (12 g satellite transmitters, 3% BBW; Cappelle et al. 2011). During other activities the negative 285 

effects on energy expenditure are probably less, as shown by a study of captive Brent Geese where 286 

energy expenditure during activities other than flight was not affected by carrying a 35 g transmitter 287 

(2% BBW; Sedinger et al. 1990).  288 

 289 

If backpacks have a negative effect on migration and the condition of birds upon arrival on their 290 

breeding grounds, this may have carry-over effects on the breeding success, additional to potential 291 

direct effects of devices on breeding effort. Backpack attachments have been found to affect clutch 292 

size and timing and propensity of breeding. Pennycuick et al. (2012) point out that lower energy height 293 

(a measure of energy reserves) in Barnacle Geese after spring migration may directly affect 294 

reproductive investment such as clutch size. Even though timing of migration in Brent Geese was not 295 

affected in a study by Ward and Flint (1995), return rates from the wintering grounds to Alaska were 296 
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dramatically low (1 out of 62) and the one female that had returned with a transmitter did not breed, in 297 

contrast to 90% breeding initiation in colour-ringed females. Pietz et al. (1993) suggest that the 298 

significantly later onset of breeding and smaller clutches in radio-tagged Mallards compared to ringed 299 

individuals may have been related to the energetic consequences of a shifted time budget with less 300 

feeding and more preening and maintenance behaviour due to the radio-tag. Accordingly, Rotella et al. 301 

(1993) report that Mallards with harness transmitters nested two weeks later than birds with sutured-302 

and-glued or implanted transmitters, although both groups could have been affected by the transmitter 303 

attachment. Barnacle Geese with GPS-loggers bred some days later than a control group carrying 304 

lightweight geolocators (Lamsiers et al. unpublished data). Blue-winged Teals captured and equipped 305 

with a backpack shortly before the breeding season failed to produce a nest twice as often as 306 

conspecifics with implanted devices (Garrettson and Rohwer 1998). Similarly, two Barrow’s 307 

Goldeneyes equipped with a transmitter shortly before the onset of incubation abandoned the nest 308 

(Robert et al. 2006). In contrast, the Blue-winged Teals as well as most of the Barrow’s Goldeneyes 309 

captured and tagged during incubation did continue breeding (Garrettson and Rohwer 1998, Robert et 310 

al. 2006). Mallards tagged during late incubation did not have lower brood or duckling survival than 311 

mallards with implanted transmitters (Dzus and Clark 1996). Finally, reproduction could be impaired 312 

by negative effects of harness-attached transmitters on pair bond, as suggested by a high proportion of 313 

unpaired tagged female Brent Geese (Ward and Flint 1995, Lameris et al. unpublished data).  314 

 315 

In conclusion, although the weight of modern tracking devices is no longer the limiting factor for 316 

reducing negative effects of tracking devices, especially for larger birds, the device and the harness 317 

itself may still induce changes in survival and behaviour. These effects depend strongly on the device 318 

shape, the moment of attachment and probably also harness design, which can all be optimized to fit 319 

the study system. When aiming for long-term tracking of birds, devices need to be solar-charged, 320 

requiring external attachment. Unless the lifetime of tiny batteries will be greatly enhanced, which 321 

would enable less-invasive alternative attachment like attachment to leg rings, harnesses remain the 322 

only available attachment method for many species.  323 

 324 
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Abdominal implants 325 

White et al. (2013) argue, based on a meta-analysis, that detrimental effects of implanted devices on 326 

birds are less severe than for external devices. This is supported by several studies in waterfowl. Direct 327 

comparison between implants with internal antenna and (anchored) backpacks in wild female Mallards 328 

revealed that individuals with implants experienced significantly less negative impacts on survival and 329 

reproduction (Paquette et al. 1997). Dzus and Clark (1996) compared the return rates of Mallards with 330 

harness-style backpacks and implants with internal antenna to their breeding areas and found a twice 331 

as high return rate for birds with an implant. However, in both studies the effect of implants is unclear 332 

since no untagged control group was included in the experimental design. A study with captive Blue-333 

winged Teal, in which individuals with backpack, implant and no transmitter were compared, showed 334 

that birds with implants lost weight in the first week after surgery compared to both other groups, but 335 

had recovered by the second week. Blue-winged Teals with implants with internal antenna did not 336 

alter their behaviour, unlike birds with harness transmitters (Garrettson et al. 2000). In the field, Blue-337 

winged Teals with implanted transmitters with internal antenna had slightly, but not significantly, 338 

higher survival over the course of a breeding season than birds with harness transmitters and were 339 

more likely to initiate a nesting attempt (Garrettson and Rohwer 1998).  340 

 341 

An important impact of using implanted tags may be direct physical effects or mortality due to 342 

surgery. Korschgen et al. (1996b) describe the histological reaction of Mallards to implanted 343 

transmitters with external antennas and conclude that the mild to moderate air sac alterations they 344 

found did not cause any behavioural or physiological effects. Post-surgery survival of Spectacled 345 

Eiders Somateria fischeri equipped with implants with external antennas was found to be impacted by 346 

pH and hematocrit values of the blood prior to surgery. Birds with low pH, or extremely low or high 347 

hematocrit, had lower survival rates during the critical first five days after surgery (Sexson et al. 348 

2014). Obtaining these values prior to surgery may help reduce the mortality rate. A paper describing 349 

the surgical procedure for implantation of transmitters in Canvasbacks Aythya valisineria reports no 350 

abnormal behaviour or increased mortality after implanting devices with internal antennas (Olsen et al. 351 

1992). Hupp et al. (2006) reported no post-surgery mortality in Lesser Canada Geese Branta 352 
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canadensis parvipes tagged with radio-transmitters with external antennas. Survival during their first 353 

year was similar to that of control individuals, although survival and return rates 2-4 years after tag 354 

deployment were slightly lower, potentially suggesting a subtle chronic tag effect. The feeding, 355 

maintenance and active behaviour of these tagged individuals was similar to that of unmarked 356 

individuals and there was no sign that implantation affected the frequency of agonistic interactions 357 

(Hupp et al. 2003). The implantation of satellite transmitters with external antennas in Common Eiders 358 

Somateria mollissima during incubation led to the abandonment of 11 out of 12 nests in a Canadian 359 

study, but 30% of the tagged birds were observed nesting in the following years. Furthermore, the 360 

tagged birds spent more time preening than colour-ringed birds and suffered a 20% decrease in 361 

survival during the first year after surgery compared to the control group (Fast et al. 2011). Limping 362 

was observed in some individuals, something which was also found by 1 out of the 6 Common Eiders 363 

in the study of Latty et al. (2016).  364 

 365 

The lack of a harness and large external structures other than percutaneous antennas makes implanted 366 

transmitters the preferred tracking devices for diving ducks, such as eider species Somateria spec. and 367 

Harlequin Ducks Histrionicus histrionicus. Negative effects seem limited, but the difficulty with these 368 

seaduck species is that monitoring them post-surgery is often impossible. Brodeur et al. (2008) were 369 

faced with signal loss of most satellite transmitters with internal antennas implanted in Harlequin 370 

Ducks in the months after deployment, but argue that resightings of several individuals up to four 371 

years later, combined with normal body temperature measurements before signal loss, indicated that 372 

this problem was caused by transmitter failure rather than bird mortality. Only one case of mortality 373 

was confirmed in this study and occurred within a few days after implantation, likely as a direct effect 374 

of surgery. An analysis of Harlequin Duck survival in Alaska revealed that recapture rates did not 375 

differ between birds with and without implants with external antennas, and only an average loss of 376 

body mass of 15g was detected in the two weeks following the surgery (Esler et al. 2000). Implanted 377 

transmitters can cause a change in diving behaviour as was shown in Common Eiders (Latty et al. 378 

2010). The descents and ascents of foraging dives were slower, and total dive durations were longer 379 

after implantation of transmitters with an external antenna than before. This may have been caused by 380 
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muscle damage from the surgery, or by a biomechanical change affecting buoyancy or imbalance in 381 

these birds. The prolonged active phase of the dives may result in overall higher energy expenditure in 382 

tagged eiders, or force them to use different (e.g. shallower) habitats than untagged birds (Latty et al. 383 

2010). Latty et al. (2016) also showed that implanted transmitters with external antennas affected bird 384 

health and physiology by a change in biomarkers up to 3.5 months after surgery. Although we did not 385 

find clear negative effects of implanted devices with external antennas compared with internal 386 

antennas, and no studies comparing the two, Hupp et al. (2006) suggest that chronic low grade 387 

infections from bacteria entering the body along the external antenna could potentially reduce long-388 

term survival. 389 

 390 
Subcutaneous attachments 391 

Negative effects of transmitters placed under the skin are not often reported, which could be due to the 392 

low number of studies in our analysis that used this method. There is some evidence that 393 

subcutaneously anchored devices affect survival and reproduction of birds. In ducklings of Mallard 394 

and Gadwall Anas strepera, survival was lower for individuals equipped with subcutaneously 395 

anchored radio transmitters compared to an untagged control group (Amundson et al. 2010, Krapu et 396 

al. 2004, Pietz et al. 2003). The authors note entanglement as possible cause for lower survival, which 397 

was also reported for Harlequin Ducks (Bond and Esler 2008). Bakken et al. (1996) found higher 398 

surface temperatures around transmitters attached with subcutaneous anchors in Mallard ducklings, 399 

but did not find differences in energetic costs for thermoregulation between marked and unmarked 400 

ducklings. The reduction of short term survival rates of female Mallards of up to 23% in Paquette et al. 401 

(1997), which was only significant in one out of five study sites, indicated that tags attached with 402 

subcutaneous anchors may sometimes affect adult birds. Other studies using subcutaneous implants 403 

found no effect on short term survival of Lesser Scaups Aythya affinis (Brook and Clark 2002), Surf 404 

Scoters Melanitta perspicillata and White-winged Scoters Melanitta deglandi (Iverson et al. 2006) or 405 

on annual survival of Wood Ducks Aix sponsa (Hepp et al. 2002). Subcutaneous attachments have 406 

been found to negatively affect reproduction in some cases. Paquette et al. (1997) found female 407 

Mallards with subcutaneously anchored backpacks to spend less time on egg laying and incubation 408 
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and to initiate fewer nests. Enstipp et al. (2015) found strongly altered behaviour in Long-tailed Ducks 409 

Clangula hyemalis with subcutaneous attachments, with increased preening behaviour and less time 410 

spent on the water, and two out of five individuals developed a bacterial infection at the site of 411 

attachment. Radio transmitters attached with prong and suture had no effect on reproduction in Wood 412 

Ducks (Hepp et al. 2002).  413 

 414 
Neck collars 415 

Neck collars with tracking devices are often used in large, long necked species, such as swans and 416 

geese. For these species, a neck collar can be more suitable than a backpack, as it diminishes the area 417 

over which abrasion and drag occurs, and lacks a harness which can be wrongly adjusted to the bird's 418 

shape and disrupts the plumage. However, as the weight of the tag is not positioned at the centre of 419 

gravity, this may become problematic for the bird when tags are relatively heavy (Kölzsch et al. 2016). 420 

In general, we found that neck collars used in studies are lighter (in mass relative to the bird's body 421 

mass) than harness-attached or implanted tags (backpack vs neck collar: t185, 33 = 8.26, p < 0.001; 422 

implant vs neck collar: t105,33 = 8.34, p < 0.001). Although several studies combined the use of neck 423 

collars and backpack attachments (Blouin et al. 1999, Petrie and Wilcox 2003, Sheaffer et al. 2007), a 424 

proper comparison of effects is lacking. Blouin et al. (1999) report that none of the Greater Snow 425 

Geese equipped with backpack transmitters reached the breeding grounds in 1993 and 1994 (due to 426 

signal loss, natural mortality or being shot), while four out of 11 birds equipped with neck collar 427 

transmitters did reach the breeding grounds in 1995. However, these transmitters were also lighter than 428 

the backpacks and direct comparison of attachment methods could not be made. 429 

 430 

Neck collars with tracking devices can alter bird behaviour in similar ways as harness-attached 431 

backpacks, but this seems to be a short-term effect. In a captivity experiment, Kölzsch et al. (2016) 432 

reported no difference in behaviour between Canada Geese equipped with neck collar transmitters or 433 

backpack transmitters, but both groups tended to spend more time preening and less time feeding. 434 

Increased preening behaviour was also observed in a study on captive Bewick’s Swans C. 435 

columbianus bewickii with neck collar transmitters, but this effect had disappeared after 6 weeks 436 
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(Nuijten et al. 2014). Short-term effects on behaviour were also observed in the field. Snow Geese 437 

equipped with neck collar radio transmitters spent 2-3 times less time foraging than the control group 438 

in the season in which they were tagged, but this difference had disappeared in the following season 439 

(Demers et al. 2003). Black Swans Cygnus atratus equipped with conventional neck collars were not 440 

affected in their behaviour compared to the control group (Guay and Mulder 2009). 441 

 442 

Multiple studies report negative effects of neck collars on reproduction. Snow Geese equipped with 443 

neck collar transmitters showed a high rate of divorce from their original mate (Demers et al. 2003). In 444 

subsequent breeding seasons, they delayed nest initiation and had smaller clutch sizes (Bêty et al. 445 

2003, Demers et al. 2003). Also Canada Geese with neck collar transmitters experienced a lower 446 

nesting propensity and nested later than the control group (Dieter and Anderson 2009). Delayed laying 447 

can be the result of delayed or slowed down migration caused by drag of neck collars during flight 448 

(Demers et al. 2003), but such an effect has not yet been proven. 449 

 450 

Shorter-necked species seem affected more by neck-collars, although this has not specifically been 451 

studied. Older studies using neck collars with radio transmitters on various duck species (Wood Duck, 452 

Canvasback, Redhead Aythya americana) showed adverse effects on behaviour, survival and 453 

reproduction (Gilmer et al. 1974, Montgomery 1985, Sorenson 1989). As can be expected for shorter-454 

necked species, ducks with neck collars can get their lower mandible stuck in the collar, which leads to 455 

retarded behaviour and sometimes mortality (Montgomery 1985, Sorenson 1989). Not only ducks 456 

experience problems with neck collars, but negative effects have also been found for shorter-necked 457 

geese. The relatively short-necked Emperor Geese Chen canagica experienced lower survival, lower 458 

breeding propensity, and laid one average one egg less when carrying a neck collar compared to a 459 

control group with leg rings (Schmutz and Morse 2000). Ross’s Geese Chen rossii wearing neck 460 

collars were more vulnerable to being shot by hunters than birds marked with tarsal bands (Caswell et 461 

al. 2012). Feeding behaviour during winter was not affected in Brent Geese carrying narrow neck 462 

collars with radio transmitters (Hassall et al. 2001), but negative effects of conventional neck collars 463 
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have been found on courtship behaviour (Abraham et al. 1983) and nesting success in this species 464 

(Lensink 1968).  465 

 466 

A specific concern with the use of neck collars is that ice has been reported to accumulate on plastic 467 

collars under freezing temperatures (e.g., Fox et al. 2014). Formation of ice has in rare cases been 468 

shown to be fatal for birds (e.g., Zicus et al. 1983), although other studies showed no effect on goose 469 

behaviour (Madsen et al. 2001, Fox et al. 2014). There are no reports of ice accumulation on other 470 

types of tracking devices. 471 

 472 
Other attachment methods 473 

The effects of other tag attachment methods, like gluing a device onto feathers or rings, have not often 474 

been tested in comparative studies. Enstipp et al. (2015) compared tesa-sutured devices with 475 

subcutaneously anchored devices in Long-tailed Ducks, and found that while birds with tesa-sutured 476 

devices recovered more rapidly from alterations of behaviour, tracking devices were lost after 26 days 477 

on average. Effects of other attachment methods were reported in original tracking studies. Survival 478 

and (re)nesting of Wood Ducks carrying a radio-transmitter on a bibs, a piece of fabric hanging from 479 

the neck on the chest, was lower than expected based on earlier studies, which may be related to the 480 

transmitter attachment (Ryan et al. 1998). We are unaware of other experiences with waterfowl 481 

carrying bibs. More conventional are devices mounted to the tail feathers. Guillemain et al. (2002) 482 

glued and bound 3.5 g radio-transmitters to the central rectrices of five dabbling ducks species. One of 483 

21 individuals was found dead three days after logger deployment, but this was likely unrelated to tag 484 

attachment. Similarly, radio-transmitters were glued and bound to the tail feathers of Mallard, 485 

Eurasian Teal and Northern Pintail in France by Legagneux et al. (2009), but no details are provided 486 

about whether or not this affected the birds. Seven out of 20 tail-mounted transmitters of 17 g in 487 

Barnacle Geese were lost prematurely in a study by Phillips et al. (2003), but no transmitter effects on 488 

the birds were reported. Reynolds (2004) cut a small patch of feathers on the lower back of Laysan 489 

Teal Anas laysanensis to glue radio-transmitters directly onto the skin and adhered them to uncut 490 

feathers with strips of tape. Also in this study, transmitter loss by detachment was frequent and the 491 
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author did not report the presence or absence of effects on the birds. Miniature geolocators (light 492 

loggers) were attached to plastic leg rings of Barnacle Geese in a study by Eichhorn et al. (2006) and 493 

no effects on nesting or survival were reported. A peculiar tag attachment method was tested in 494 

canvasbacks. After particularly bad experiences with harness backpacks, Perry (1981) tested the 495 

attachment of radio-transmitters on Canvasback nasal saddles. Pilot studies on a limited number of 496 

canvasbacks in the lab and in the field were reported as promising and after a six-hours adjustment 497 

period the birds behaved normally. However, we are not aware of follow-up studies by the author or 498 

any more recent study using this attachment method. 499 

 500 
Reporting of effects in primary tracking studies 501 

Our review has revealed the wide range of potential effects that are associated with different tracking 502 

device types and attachment methods, but has also shown that many effects are still poorly understood. 503 

Full understanding of how tracking devices affect the behaviour and survival of waterfowl can only be 504 

obtained when these effects are studied and reported. No two tracking studies are carried out under 505 

exactly the same circumstances following the exact same procedure, hence every study can add 506 

knowledge on causes of effects and how they can be avoided. In order to identify how communication 507 

about tagging effects could be improved, we first analysed the reporting behaviour in current 508 

waterfowl tracking literature.  509 

 510 

Eighty-four out of the 202 (42%) primary tracking studies in this review (Table S2) reported the 511 

presence or absence of an effect of the tracking methodology (Table 1). In only 18 of these 84 studies 512 

(21%) this was based on a comparison of the tagged birds with a control group. Other studies based 513 

this on a comparison of tagged birds with data of the rest of the population (36 studies), a comparison 514 

with birds tagged using another tracking method (7 studies), observation of tagged birds (6 studies) or 515 

did not clarify (17 studies). Of the 84 studies that reported whether or not there was an effect, two 516 

mention that tag effects were hard to distinguish from other factors, and 43 studies specifically 517 

mention that there was no effect. In the other 39 out of 84 studies, the reported tagging effect was 518 

considered negative (no positive effects were reported), corresponding to 19.3% of the total of 202 519 
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studies. The number of studies that used control groups did not differ between studies that either did 520 

(9/39; 23%) or did not find negative effects (9/43; 21%). When distinguishing between studies that 521 

found minor effects (such as short term weight loss or behavioural changes lasting less than a few 522 

weeks) and major effects (directly impacting fitness via effects on survival, reproduction or migratory 523 

behaviour), we found that 34 out of the 39 studies reporting negative effects included major effects, 524 

which is 17% of the total of 202 studies. We broadly distinguished between effects on survival, 525 

reproduction and migration, and found that only one of these 34 studies discussed all three 526 

components (Hupp et al. 2006). Most of the studies only mention effects on survival and/or 527 

reproduction, while very few report effects on migration. Given the above described effects of 528 

transmitter-induced drag on the flight range of migrating waterfowl, this low report rate is unlikely due 529 

to a lack of effects but rather due to difficulties with detecting effects on migration. Since effects in 530 

wild birds can be difficult to detect in general, it is questionable whether studies explicitly claiming no 531 

adverse effects on their study species without the use of an untagged control group, used an 532 

appropriate study setup to detect such effects. 533 

 534 

Table 1. Numbers and fractions (between brackets) of studies reporting effects of different types of 535 

tracking devices. The “reported” category includes all studies reporting whether or not an effect was 536 

found. The “control group” category includes studies (as a fraction of the studies that report) that 537 

contrasted the potential negative effects of tagged birds with a control group. Studies reporting adverse 538 

effects (“negative”) were split into studies which found only minor, short-term negative effects (only 539 

in the first weeks and not affecting survival, reproduction or migration) and studies which (also) found 540 

major, often long-term negative effects. The studies which found long-term negative effects were 541 

subdivided into studies reporting effects on survival, migration and reproduction if this information 542 

was provided. As in some studies negative effects were found in multiple of the above categories or 543 

were not specified, the total number of papers in these categories does not equal the number of studies 544 

that found negative effects. No studies reported positive effects of tracking devices. 545 
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 backpack 

harness 
implant subcutaneous neck 

collar 
other total 

reported 45/112 (0.40) 25/59 

(0.42) 
6/14 (0.43) 9/23 

(0.39) 
3/6 

(0.50) 
84/202 

(0.42) 

control group 8/45 (0.18) 5/25 (0.2) 1/6 (0.17) 4/9 (0.44) 0/3 (0.0) 18/84 

(0.21) 

negative 22/45 (0.49) 9/25 (0.36) 1/6 (0.17) 6/9 (0.67) 1/3 

(0.33) 
39/84 

(0.46) 

minor 

negative 
4/22 (0.18) 1/9 (0.11) 0/1 (0.00) 0/6 (0.00) 0/1 

(0.00) 
5/39 (0.13) 

major 

negative 
18/22 (0.82) 8/9 (0.91) 1/1 (1.00) 6/6 (1.00) 1/1 

(1.00) 
34/39 

(0.87) 

survival 7/18 (0.39) 5/8 (0.63) 1/1 (1.00) 2/6 (0.33) 1/1 

(1.00) 
16/34 

(0.47) 

migration 4/18 (0.22) 2/8 (0.25) 0/1 (0.00) 0/6 (0.00) 0 (0.00) 6/34 (0.18) 

reproduction 8/18 (0.44) 3/8 (0.38) 0/1 (0.00) 6/6 (1.00) 1/1 

(1.00) 
18/34 

(0.53) 

 546 
 547 

Interestingly, the reporting rate of potential effects on birds carrying tracking devices seems to have 548 

changed over time. It was rather high until the early 2000s (65.0% of all studies reported the presence 549 

or absence of effects between 1981 and 2004), probably due to the novelty of using various techniques 550 

on birds. While more tracking studies were published in later years, this reporting rate dropped to 551 

26.5% between 2005 and 2015. Of those studies in our review that did report potential effects, the 552 

fraction reporting negative effects remained stable over time around 51% (Fig. 1c). The reporting rate 553 

did not seem to differ between attachment methods (Table 1). Studies using neck collars appear to find 554 

negative effects more often than studies using other attachment methods (6 out of 9 studies found 555 

negative effects, Table 1), yet these used birds that are most easily identified and observed in the field. 556 

Most of the effects of neck collars and backpack attachments were found on reproduction, while 557 

studies using implants more often found effects on survival. Studies using subcutaneous attachment 558 

rarely found negative effects, but note the high loss rate of the tags and the low number of studies that 559 

used this method. 560 
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 561 
Towards reduction of adverse effects  562 

Our review demonstrates that attaching tracking devices to waterfowl may lead to adverse effects on 563 

survival, migration and/or reproduction in any species. Not all tracking studies report potential effects, 564 

so it is difficult to assess why and how often such effects occur. Moreover, many studies did not 565 

include a control group in the study design, which hampers the detection of potential effects. When 566 

studies explicitly report a lack of adverse effects in their study population, the question rises whether 567 

this could be due to low sample sizes, which decreases the detection probability, or due to inadequate 568 

measuring of potential effects. Some studies with very low sample sizes did find large effects, 569 

indicating that some effects can be quite dramatic, while on the other hand, some studies with large 570 

sample sizes, thus having a high probability of finding effects, did not find any (e.g., 185 birds in 571 

study by Esler et al. 2000; 228 birds in Gaidet et al. 2010; 235 birds in Pietz et al. 1993). This would 572 

indicate that tracking waterfowl can be done without affecting the birds. By comparing the 573 

methodology of different studies and their reported presence or absence of effects, we should aim at 574 

identifying which tracking devices yield negative effects in which species, how they affect the bird, 575 

and under which circumstances these effects do and do not occur. This will be an important step 576 

towards further reduction of negative effects. In order to do so, it is essential that studies 1) report in 577 

detail on the methods used for tracking, and 2) measure and report the tracking device effects on the 578 

study species.  579 

 580 

During our literature review we found that details concerning the attachment of tracking devices were 581 

lacking in many studies. Most often, studies were unclear in reporting and differentiating the number 582 

of birds that were equipped with (sometimes different types of) tracking devices and the numbers 583 

eventually used in the data analysis (43 out of 202 studies). Also, the sex and age of the tagged birds 584 

were often not reported (19 out of 202 studies did not report the sex), and some studies did not report 585 

the weight of the tracking device (12 out of 202 studies). In order to compare the used methods and 586 

assess which method would be best for a certain species, studies need to report the methods used for 587 

tracking birds to a certain detail. This information should be available in publications, but also in 588 
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(open-access) databases where tracking data are stored, such as the Movebank Data Repository 589 

(Wikelski and Kays 2016). We propose a standard set of metadata to be reported for any tracking 590 

study on waterfowl: 591 

 592 
1. Tracking device: type of positioning system (e.g., radio tracking, GPS, geolocation), type 593 

of transmitting system (e.g., satellite, GSM, bluetooth), producing company, dimensions and 594 

weight;  595 

2. Bird: (sub)species, sex, age (at least differentiation juvenile / adult), body mass, initial 596 

sample size of tagged birds, sample size of birds from which data was used in the analysis, 597 

whether control group is used, marking method of control group, sample size of control group;  598 

3. Capture method: location, date, period of the bird’s annual cycle (e.g., breeding season, 599 

moulting period), catching method, handling time and other samples acquired;  600 

4. Attachment method: type, material for attachment and combined weight of the attachment 601 

materials and the tracking device. 602 

 603 
Measuring the possible adverse effects is essential when studying natural behaviour of birds using 604 

tracking devices. Even if adverse effects occur on behaviour that is not of direct interest for the study, 605 

these can still carry over in aspects of behaviour that are of interest. As an example, if birds fail to 606 

breed because they carry a tracking device, this will also have an effect on the timing of their autumn 607 

migration. When performing a tracking study, it is thus important to measure any possible adverse 608 

effects of the tracking device on the bird. Based on the studies used in this paper, as well as personal 609 

experience, we suggest that a first potential reduction in adverse effects can be managed by at least 610 

thoroughly reviewing the proposed methodology and measure them by adding a control group to the 611 

experimental design. 612 

 613 

Reviewing earlier tracking studies on the same species is an essential first step before deploying 614 

tracking devices on a bird. Methodological studies, such as Roshier and Asmus (2009) and Cumming 615 

and Ndlovu (2011), can be very useful for this purpose. Studies on closely related species can be used, 616 

but subtle differences (also in environmental variables) can make species respond very differently to 617 
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one attachment method. As an example, steel rings in a harness did not show wear in Barnacle Goose, 618 

but became rusty and likely broke when used in a harness in the closely related Brent Goose (A. 619 

Dokter, personal communication), as these geese spend more time in saline environments (Stahl et al. 620 

2002). Experts in bird tracking often have experience with multiple species and can assist in 621 

evaluating what method would be suitable for which study species. To provide a first suggestion of 622 

what could be the most suitable tracking methods for waterfowl species included in our review, we 623 

have compiled an overview of how often negative effects were found for different attachment methods 624 

(Table S3). 625 

 626 

When using a little known or unfamiliar attachment method or study species, it will prove very 627 

informative to perform a study in captivity before applying the tracking device on wild birds (e.g., 628 

Nuijten et al. 2014, Kölzsch et al. 2016). This way, the potential effects on time budgets (e.g., time 629 

feeding, preening) can be studied relatively easily, as well as shedding of the tracking device or the 630 

possibility that birds become entangled by the attachment method. 631 

 632 

When designing a tracking study on wild birds, adding a control group which is treated in the same 633 

way as the tagged group but which lacks the tracking device makes it possible to measure differences 634 

in behaviour and survival (e.g., Schmutz and Morse 2000, Reed et al. 2005). Marking birds in a 635 

control group with lightweight visual marks (metal and colour rings) is usually considered to be of 636 

little influence on the bird (Calvo and Furness 1992), while it enables later recognition in the field. 637 

Simple neck collars can probably be used for long-necked waterfowl without long-term effects, but 638 

have been found to affect reproduction and survival in some species (Lensink 1968, Schmutz and 639 

Morse 2000, Reed et al. 2005, Caswell et al. 2012), and should thus be used as a control with caution. 640 

A control group should be treated in the same way as the tagged group in as many aspects as possible, 641 

including the method of capture, other samples taken (e.g. blood samples), attachment of visual marks 642 

(metal and colour rings) and potentially also handling time (although the attachment of the tracking 643 

device may increase handling time substantially). Adverse effects can then be measured by observing 644 

both the tagged and the control group in the field. Not all possible adverse effects can be measured 645 
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easily, as it is often difficult to track birds in the control group equally well as birds with tracking 646 

devices. This is particularly true for measuring effects on migration. For larger birds, it is sometimes 647 

possible to equip a control group with lightweight (<1 g) geolocators on the colour rings, which can be 648 

used to measure migration variables such as moment of departure and arrival, and migration speed 649 

(Eichhorn et al. 2006, Lameris et al. unpublished). Yet, ring resightings and recoveries can also give 650 

useful estimates for comparison of some migration variables (Hupp et al. 2015), such as the moment 651 

of arrival (Both et al. 2016). Observing birds after release can reveal differences in behaviour and 652 

short-term survival between the tagged group and the control group. One year return rates (e.g., to the 653 

breeding colony) can give an indication of differences in annual survival, for which it is important to 654 

use the same observation method (i.e. visual observation) for both tagged and control groups. This will 655 

also enable estimation of the rate of transmitter failure, which helps to distinguish between signal loss 656 

and bird mortality. Effects on reproduction can be measured in multiple ways, including nesting 657 

propensity, nest initiation date, clutch size and hatching success. When possible, recapture of birds of 658 

the tagged group and the control group can give insights in physical effects, including body condition 659 

and physical damage as a result of the tracking device attachment (Esler et al. 2000). Finally, it should 660 

be evaluated and discussed by the authors of original tracking studies to which degree the potential tag 661 

effects are indeed negative within the context of the species’ life history and ecology. 662 

 663 
Conclusions 664 

The primary aim of this study was to identify how attaching tracking devices on waterfowl may affect 665 

their survival, behaviour and reproduction, and explore how measuring and reporting of negative 666 

effects may provide directions towards reduction of these effects in future studies. Adverse effects on 667 

bird behaviour have been reported occasionally for all methods of attaching tracking devices, and there 668 

is not a single best method for all species. However, the occurrence and type of negative effects clearly 669 

differ for species and attachment methods, and based on earlier studies it is often possible to determine 670 

a suitable method for single species (Table S3). If any negative effects are still to be expected, these 671 

should be outweighed by the scientific benefits of the study, as is usually legally mandatory and 672 

should be assessed by an animal welfare committee. In recent years, very few studies on waterfowl 673 
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reported potential effects of tracking devices, while the fraction of studies in which negative effects 674 

were found has not decreased. This is a worrisome trend which is also reported for studies on seabirds 675 

(Vandenabeele et al. 2011). When studying birds using tracking devices, it remains essential to 676 

determine whether their behaviour or fitness are affected, as this can greatly influence study results. 677 

We stress the importance of measuring effects of tracking device attachment on the behaviour and 678 

survival of birds to make sure that data on natural behaviour are collected. A promising way to reach 679 

broadly supported ‘best practice’ methods for tracking studies is to combine expert knowledge of 680 

waterfowl researchers with comparative observations in the lab and in the field. We hope that the use 681 

of a standardized format for reporting details of tracking methods will improve the exchange of 682 

information, and we encourage researchers to measure effects of tracking devices on fitness and 683 

behaviour by adding control groups to their studies. These data should be reported in publications, but 684 

also in (open-access) databases where tracking data are stored for future use. This will lead to better 685 

science and pave the way towards a reduction of adverse effects of tracking devices on waterfowl in 686 

the future. 687 
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 910 
 911 
Figure 1: Use of tracking devices, attachment methods and reporting rates over years of 912 

publication. Number of studies per year of publication, split per tracking device type (a), attachment 913 

method (b) and whether the study reported on potential adverse effects (c).  914 
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 917 

Figure 2: Changes in weight of tracking devices over study years. 918 

(a) Average weight in grams of tracking devices used in study years with coloured areas delineating 919 

the region between maximum and minimum weight, for radio-transmitters (red), PTTs (green) and 920 

GPS devices (blue). (b) Average weight of tracking devices as a fraction of the weight of the bird on 921 

which it was deployed, with the coloured area delineating the region between minimum and maximum 922 

fraction of weight. 923 


