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Within intertidal ecosystems, the availability of foraging areas for shorebirds changes rap-
idly with the tidal cycle, imposing a strict regime of foraging opportunity. Several shore-
bird species have been reported to forage during both diurnal and nocturnal low-tide
periods, making the most of available foraging times, but detailed descriptions of behav-
iour at night are rare. We may expect shorebirds to engage in distinct spatial behaviours
between day and night due to differences in risk landscape, or because moving between
foraging sites and searching for indicators of profitable foraging patches may require dif-
ferent strategies. Comparing the diurnal and nocturnal behaviour of the same individuals
on intertidal mudflats is a challenge and requires high temporal and spatial resolution
data collected over several weeks so that low-tide periods that fall mostly in the day or
in the night can be compared. We used ATLAS—a high-throughput radiotracking sys-
tem—to collect high-resolution tracking data from Red Knots Calidris canutus, between
September and October (2018-2022) in the Dutch Wadden Sea. We found that the
Red Knots stayed within patches longer at night and that patches were also slightly
closer (~100 m) to the roost site at low tide, and covered a smaller area per tide. Red
Knots were found to use 20% of their diurnal range at night, and 41% of their nocturnal
range during the day. At night, Red Knots showed higher site fidelity across tides. We
suggest that these differences in behaviour are probably due to a combination of naviga-
tional capacity, risk perception and/or prey conspicuousness.
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According to the optimal foraging theory, animals
must decide when, where and how to forage to
maximize their efficiency, energetic net gain and
fitness (Charnov 1976, Pyke et al. 1977). For
many species, peaks in foraging effort correlate
strongly with light levels, with animals tending to
be either diurnally or nocturnally active (Hut
et al. 2012). However, temporal flexibility in activ-
ity patterns is often necessary in response to
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environmental challenges, such as changes in ambi-
ent temperatures, niche competition or food avail-
ability (Reebs 2002, Levy et al. 2019). For
shorebirds that primarily forage on benthic inverte-
brates, temporal plasticity in foraging behaviour is
crucial. In semi-diurnal tidal zones, low tides can
occur twice per 24-h period, giving specific and
constrained periods when foraging areas are avail-
able. Rather than only foraging during one
low-tide period per day, many shorebird species
forage during both, pushing some foraging oppor-
tunities partially or completely into the night
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(McNeil & Rodriguez 1996, Lourengo et al. 2008,
Cohen et al. 2011, Jourdan et al. 2021). Unique
challenges during the night could influence when,
where and how shorebirds choose to forage (Jour-
dan et al. 2022). However, due to the difficulty of
observing individuals on intertidal zones at night,
the nocturnal behaviour in these animals is poorly
understood.

In recent years, wildlife tracking technology has
improved markedly, allowing us to gather more
detailed insights into the ecology of animals, even
when and where they are difficult to physically
follow (Nathan et al. 2008, 2022, Cagnacci
et al. 2010). Fine-scale spatio-temporal movement
data from global navigation satellite systems such
as GPS (Cagnacci et al. 2010, Hebblewhite & Hay-
don 2010) or from radio-based automated tracking
systems such as ATLAS  (Weller-Weiser
et al. 2016, Toledo et al. 2020, Beardsworth
et al. 2022, Bijleveld et al. 2022) can give frequent
and precise positioning estimates which can be
used to assess multiple aspects of animal ecology
(e.g. habitat selection (Bijleveld et al. 2016, Dickie
et al. 2020, Beardsworth et al. 2021), dispersal
(Klarevas-Irby et al. 2021) and social behaviour
(Strandburg-Peshkin et al. 2015, Papageorgiou &
Farine 2020)). High-throughput tracking systems
can allow researchers to assess the adaptive value
of particular strategies (Klarevas-Itby et al. 2021,
Nathan et al. 2022), because how an animal inter-
acts with the social and physical environments
around it can ultimately determine fitness out-
comes (Nathan et al. 2008).

Shorebirds may forage at night for a number of
reasons. For example, foraging can be interrupted
during the day by flooding during high tide
periods, and therefore individuals may not have
the opportunity to obtain enough food to meet
their energy demands (Goss-Custard 1969,
Dugan 1981). Alternatively, nocturnal foraging
may be a preference, to allow them to take advan-
tage of higher activity in prey (Evans 1988), a lack
of diurnal predators (Thibault & McNeil 1994) or
reduced disturbance from humans (Burger &
Gochfeld 1991, Gaynor et al. 2018). Throughout
the diel cycle, foraging efficiency should be maxi-
mized, but different challenges between day and
night in terms of light levels, predation risk or prey
activity may manifest in behavioural differences
within a population.

Measuring and comparing diurnal and nocturnal
movements when activity is primarily dictated by

the tidal cycle can be challenging, and requires
fine-scale monitoring of behaviour over several
weeks to be able to monitor low-tide periods that
both start within day or night (as movements may
be autocorrelated) and fall primarily within the
same day/night scenario. We used high-throughput
tracking technology (ATLAS) to monitor the
movements of over 100 Red Knots Calidris canutus
in the Wadden Sea. Each bird was tracked across at
least five diurnal low tides and five nocturnal low
tides so that we could undertake detailed compari-
sons of behaviour between these contrasting
contexts.

Specifically, we investigated differences in move-
ment choices within low-tide periods that fell
mostly (>70%) within the day or night. Red Knots
have previously been shown to forage at night, as
well as during the day (van Gils & Piersma 1999,
Sitters et al. 2001). They mostly forage by probing
the sediment in search of hard-shelled prey such as
Baltic Tellins Macoma balthica or Cockles Cerasto-
derma edule (Zwarts & Blomert 1992, Piersma
et al. 1993, 1994, Bijleveld et al. 2015, 2016),
which are generally sessile organisms and therefore
form a highly predictable resource (Armonies &
Hartke 1995). Red Knots can use visual foraging to
eat faster moving prey such as Brown Shrimp Cran-
gon crangon, but this is irregular and only consti-
tutes a small part of their diet, so is unlikely to
influence large-scale space use (Ersoy et al. 2022).
While tactile probing is a suitable foraging tactic
throughout the diel cycle, it is plausible that the
birds may go to different places or alter how long
they stay grounded before flying to a new location,
depending on whether it is day or night. Indeed,
factors such as navigational challenges, disturbance
or risk perception may induce a change in spatial
behaviour between day and night low-tide periods
in the same individuals. To investigate differences
in movement behaviour, we first identified areas of
residence (hereafter residence patches) (Barra-
quand & Benhamou 2008, Bijleveld et al. 2016,
Oudman et al. 2018, Gupte et al. 2022) and com-
pared the duration of residence between day and
night. Longer durations within residence patches at
night have previously been shown in Red Knot
(Oudman et al. 2016, Bulla et al. 2017), where the
difference was suggested to be due to predation risk
(Oudman et al. 2016). We therefore also expected
our study population to spend longer in residence
patches at night than during the day. To investigate
potential differences in spatial behaviour, we
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assessed the distance of residence patches from a
major high tide roost site, the total area used per
low-tide period and site fidelity both between
(which we call overlap) and within (which we call
revisiting) day and night. Site fidelity has been sug-
gested to reduce uncertainty in energy intake rate
and can increase both movement and foraging effi-
ciency within a predictable resource landscape by
restricting movement to more profitable areas
(Switzer 1993, Van Moorter et al. 2009, Merkle
et al. 2014, Riotte-Lambert & Matthiopoulos 2020).
Due to the low within-season mobility of many of
their main prey items, such as Macoma balthica
(Beukema 1993) or Cockles (Flach 1996,
Coffen-Smout & Rees 1999), we may expect Red
Knots to show high site fidelity during all low-tide
periods. However, if there is a difference in naviga-
tional capacity, disturbance or risk perception, we
may expect low overlap in space use between day
tides and night tides.

METHODS

Tracking Red Knots

We monitored Red Knot movements using the
Wadden Sea  ATLAS  system  (Bijleveld
et al. 2022). ATLAS is a reverse-GPS that uses an
array of receiver stations and time-of-arrival princi-
ples to calculate the location of small ultra-high-
frequency radio transmitters (Toledo 2020, Beards-
worth et al. 2022). Receivers continuously scan for
specific ATLAS tags (see below) and send infor-
mation about detections to a centralized server.
When three or more receivers detect a transmis-
sion, location estimates are computed through
multilateration. The accuracy of the ATLAS sys-
tem has been estimated to be 10 m on the Griend
mudflat, where we have the densest array of
receivers (Beardsworth et al. 2022). For this rea-
son, analyses were restricted to individuals that
stayed on the Griend mudflat for the majority of
the low-tide period. Minor changes to the array
across years can be seen in Supporting Information
Fig. S1.

We caught adult Red Knots on high-tide roosts
on the islets of Griend (53.25°N, 5.25°E) and
Richel (53.25°N, 5.01°E) using mist-nets during
new moon periods between July and October in
2018 (n = 125), 2019 (n = 157), 2020 (n = 164),
2021 (n = 61) and 2022 (n = 142) (Fig. 1). Birds
will use the Richel high-tide roost site during
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spring tides, but birds captured on Richel or
Griend are expected to use the Griend mudflat for
foraging (van Gils et al. 2000). All birds were
ringed, colour ringed and morphometric measure-
ments were taken. Using cyanoacrylate glue, an
ATLAS tag (4.4 g) was glued to the rump of each
bird, which was then released at the catch loca-
tion. Tags were on average 3.2% (sd = 0.2) of the
birds’ body-weight. On release, birds were
observed until they flew away to ensure that the
tag did not affect their normal behaviour. For a
separate project, the birds were found again up to
several weeks later and observed foraging within a
flock, behaving as would be expected (Ersoy
et al. 2022). Transmission intervals were set to
1/3 Hz in 2018 and were lowered to 1/6 Hz in
2019-2022 to preserve battery life. Tags are
expected to last 4.5 (1/3 Hz) to 8 (1/6 Hz)
months but are moulted off the bird before migra-
tion (April/May) (Bijleveld et al. 2022).

Selecting data

Low-tide periods are defined as water levels below
50 NAP (Normaal Amsterdams Peil), the mean
water level for Amsterdam that serves as a national
measurement for sea level in the Netherlands. Due
to longer periods of daylight in summer, few
low-tide periods fall completely within the night
before September. Other conditions also vary
across time, such as resource availability and
weather patterns. Therefore, to assess behaviour
during day tides and night tides with comparable
conditions, we only used data from 1 September
to 31 October for analysis in each year. We calcu-
lated the sun’s position in degrees below the hori-
zon using the solarpos function from the maptools
v1.1-6 R package (Bivand & Lewin-Koh 2022) to
determine day and night. Night was defined as the
angle of the sun being below the horizon by at
least 6 degrees, and day was above this level. Each
low-tide period was given a unique tide ID, then
categorized into day (low tide begins in daylight
and >70% of tide was during daylight), night (tide
begins during the night and >70% of tide was dur-
ing night) or twilight (<70% of the tide was within
the day or night) tides. Twilight tides were
removed from the analysis.

As 2018 data were sampled at 1/3 Hz, whereas
all other years were sampled at 1/6 Hz, we sub-
sampled the 2018 data to 1/6 Hz. We did not
include location estimates recorded within the 24 h
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Figure 1. Birds for this study were caught at either Griend (blue box) or Richel (black arrow). Mudflats are shown at 144 NAP from

Rijkswaterstaat bathymetry data (2015).

immediately following the release of the birds, to
minimize any effects due to the stress of capture
and personality testing (which was conducted for
another study; Ersoy et al. 2022) from biasing ana-
lyses. Individual location estimates were prepro-
cessed following an  established protocol
(Beardsworth et al. 2022, Gupte et al. 2022). We
first removed large-scale errors identified through
the uncertainty estimates given by the ATLAS sys-
tem for both the x (VARX) and y (VARY) axis by
removing estimates with values over 5000 m? and
where movement speed between locations was
above 30 m/s. To account for finer scale errors, we
smoothed the data using a 5-point moving median
of the x and y coordinates. We only analysed data
from birds that were tracked for at least five day
tides and five night tides, as well as being tracked for

at least 240 min within each of these low-tide
periods. The duration tracked per tide was calcu-
lated by summing the duration within non-roosting
residence patches (see below for definition of resi-
dence patches). While this data selection method
reduced the number of birds included in our sample
(2018 = 36; 2019 = 23; 2020 = 7; 2021 = 24
2022 = 18), we felt that this was necessary to pro-
duce a comparable dataset of night and day tides
(n bird-tides: 2018 day = 386, night = 262;
2019 day = 365, night = 195; 2020 day = 49,
night = 65; 2021 day = 410, night = 186;
2022 day = 239, night = 124). The number of day
tides that birds were tracked for ranged from 5 to
27 (median = 13), and the number of night tides
that birds were tracked for ranged between 5 and
16 (median = 7). The difference between the
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number of day tides and the number of night tides
for which a single bird was tracked ranged from —7
to 17 (median = 5).

Residence patches

Following methods described by Barraquand and
Benhamou (2008) and developed further for Red
Knot specifically (Bijleveld et al. 2016, Oudman
et al. 2018, Gupte et al. 2022), we calculated resi-
dence patches within tides where a bird had at
least 100 localizations between consecutive high
tide times, to ensure that each bird had an ade-
quate amount of data with which to analyse. Resi-
dence patches were defined as >3 localizations
(Fig. S2) within a 75-m spatial buffer (Fig. S3) of
the previous localization, lasting at least 2 min
(Fig. S4). As per Gupte et al. (2022), each subse-
quent localization that fell within the buffers of
prior localizations was categorized as the same res-
idence patch. When the speed between consecu-
tive localizations was >3 m/s (Fig. S5), or when
birds were not localized for longer than 180 min
(either because they had left the area or because
there was poor reception of the transmitter,
Fig. S6), localizations within the previous buffer
zone were classed as a new residence patch. This
ensures that values such as ‘duration in a residence
patch’ are not overestimated. For all the above
threshold values, we tested both higher and lower
values for each threshold (Figs S2-S6), after which
three experienced observers visually inspected
plots (e.g. Fig. 2) to refine and determine the final
values to be used for representing residence
patches of Red Knot within this system. We only
analysed residence patches that started and/or
ended in non-roosting areas of the mudflat, that is
where the water level (West-Terschelling gauge)
was above >50 NAP.

Spatial and statistical analyses

We first asked whether birds spent more time
within residence patches depending on whether it
was day or night. For this, we used a general linear
mixed model (GLMM) through the Ime4 v.1.1-31
(Bates et al. 2015) and ImerTest v3.1-3, (Kuznet-
sova et al. 2017) R v4.2.2 (R Core Team 2021)
packages. Degrees of freedom were calculated
using Satterthwaite’s method (Giesbrecht &
Burns 1985, Fai & Cornelius 1996). Duration in
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residence patch (in minutes) was logjg transformed
and was used as the response variable in the
GLMM, with a day/night categorical variable used
as a fixed effect. Since birds are more likely to be
forced to move inland by flood tide, we included
an interaction between day/night and tidal direc-
tion (ebb/flood) tides. We also included bird ID,
year and tide ID as random intercepts.

Secondly, we examined whether residence
patches differed in distance from the estimated
high-tide waterline at 100 NAP (above which Red
Knots are unlikely to forage) on Griend between
day and night. Using the sf package (v1.0-9,
Pebesma 2018) in R, we calculated the distance
(using the function st_distance) between residence
patch start locations and an sf polygon representa-
tion of waterline on Griend at 100 NAP. We used
the furthest start location distance from this poly-
gon per individual, per tide as the dependent vari-
able in a GLMM. To identify whether birds
moved further away from the islet depending on
whether it was a day or night tide, we included
day/night as a fixed effect, as well as the low-tide
water level, since we may expect birds to go fur-
ther onto the mudflats if the water level is lower.
Within the models, we centred the low-tide water
level variable so that model estimates were com-
pared to mean low-tide level (note that in plots
we show the actual low-tide level). We also
included year and bird ID as random intercepts.

Next, we examined whether the amount of
space the birds used (area used per low-tide
period) differed between day and night, and how
much of this space was used in both day and night
(overlap). For calculating both the area used per
low-tide period and overlap, we first created spa-
tial polygons of the residence patches using a
10-m buffer (matching the error of our ATLAS
system, Beardsworth et al. 2022) around localiza-
tions. To compare the area used between day and
night, we first merged all residence patch polygons
per bird and per tide into one sf multi-polygon
and calculated the area (km?) of the multi-
polygon. We accounted for differences in tracking
time between individuals by dividing the area by
the minutes tracked per tide, then multiplied this
by 360 (low-tide periods are ~360 min) so that
each value represented area (km?) used per
low-tide period. These values were used as the
dependent variable in a GLMM to assess differ-
ences in area used per low-tide period between
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Figure 2. Example trajectories for a Red Knot (ID: 2117) on (a) tide 535 (3 October 2020—day) and (b) tide 536 (4 October 2020—

night) which demonstrates the classification of residence patches around location estimates.

day and night. We used day/night as a fixed
effect and used bird ID and year as random
intercepts.
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To calculate site fidelity between contexts, we
measured the overlap of space use between day
and night. First, we merged all day polygons into
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one, and all night polygons into one for each bird.
We then used the sf function st_intersection to
compare the percentage of overlap of day and
night polygons for each bird. To give context to
the percentage overlap, we also calculated the
total area used per bird over all day tides and all
night tides. However, the total area used in day or
night for each bird should be interpreted with cau-
tion since there are sample size differences
between birds in the number of day and night
tides they were tracked for, and how long they
were tracked.

Finally, we examined whether site fidelity dif-
fered within contexts of night and day by assessing
the revisit probability in both circumstances sepa-
rately. To do this, we first created a raster across
the Griend mudflat consisting of 75 x 75-m cells
and gave a value of 1 if one or more residence
patch polygons overlapped a raster cell by over
50%, and O if there was <50% overlap. We created
one raster per bird, per tide. We then summed ras-
ter values for each individual across all day tides
and night tides that they were present. We defined
site fidelity as at least one revisit (cell value = 2),
although we also investigated higher thresholds for
site fidelity which gave the same outcome (see
Fig. S7). We ran a binomial GLMM with the
number of revisited cells versus the number of
cells visited as the response variable. Day or night
was used as a fixed effect with an offset for the
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number of tides tracked (logo transformed). Bird
ID and year were included as random intercepts.

RESULTS

We found that duration within a patch was longer
at night during ebb tide (B (night:ebb tide):
0.18 £ 0.01, df = 50976.43, t = 18.94, P < 0.001;
Table 1, Fig. 3a). At night, Red Knots also stayed
slightly closer to Griend (~100 m) than during the
day (B + se = —108.02 + 4591, df = 2185.96,
t =235, P=0.019, Fig. 3b, Table 1) and during
higher low-tide heights (B & se = —7.31 4+ 0.71,
df = 2187.38, ¢=10.31, P<0.001) (Table 1).
Birds used a smaller area per tide at night (mean
predicted area + sd: 0.33 km? per tide +0.04)
than during the day (mean predicted area + sd:
0.40 km? per tide +0.04; B + se: —0.07 + 0.01,
df = 2222.36, + = 13.03, P < 0.001, Fig. 3¢).

The mean total space a bird used over all
nocturnal tides tracked was smaller (mean =+ sd
=2.05 km? + 0.76), than the mean space use
over all diurnal tides (4.48 km? + 1.78), but the
mean number of tides tracked per bird was also
fewer for nocturnal tides (7.81 £ 2.51) than diur-
nal tides (13.54 4 5.12). Birds overlapped in some
of their space use between day and night, using a
mean of 19.96% (sd = 8.96) of their diurnal area
at night, and a mean of 40.96% (sd = 11.91) of
their nocturnal area in the day (Fig. 3d). Although

Table 1. Model outputs from general linear mixed models (1-3) and a binomial mixed model (4). Degrees of freedom for ¢ statistic

are calculated for Models 1-3 using the Satterthwaite method.

Question

Model predictors B estimate + se df Test statistic P value
1. Do Red Knots spend longer in residence patches at night? t

Intercept 1.106 £+ 0.015 4.373 71.66 <0.001
Time (night) 0.075 + 0.007 48580.886  11.00 <0.001
Tidal direction (ebb) 0.188 + 0.005 58242.161  41.07 <0.001
Time (night) x Tidal direction (ebb) 0.179 + 0.009 50976.434 18.94 <0.001
2. Do Red Knots stay closer to the roost (Griend islet) at night? t

Intercept 2456.159 + 92.201 1.865 26.639 0.002
Time (night) —108.023 + 45.912 2185.958 —2.353 0.019
Low-tide level (centred) —7.308 + 0.709 2187.378 —10.311 <0.001
3. Do Red Knots use smaller areas at night? t

Intercept 0.395 + 0.011 4566 36.27 <0.001
Time (night) —0.065 + 0.005 2222.362 —13.03 <0.001
4. Is revisiting probability higher at night? z

Intercept —3.868 + 0.052 - —73.71 <0.001
Time (night) 0.394 + 0.016 24.94 <0.001

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.
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Figure 3. Data presented for Red Knots Calidris canutus on the Griend mudflat (53.25°N, 5.25°E) in September and October
2018-2022. (a) Model predictions for the time spent (duration in minutes) within a residence patch during diurnal tides (yellow) and
nocturnal tides (dark grey) split between ebb and flood tides. (b) Raw data (dots) and model predictions (lines) to show the maximum
distance of residence patches (on the same mudflat) from the nearest roost (Griend) at different low-tide levels. (c) Model predictions
for the area covered (km?) during day tides (yellow) and night tides (dark grey). Notches in the boxplots display confidence intervals
around the median (median + 1.58*IQR/sqrt(n)). Dots show outliers. (d) Area used in day (yellow) that overlaps with areas used at
night and vice versa (dark grey). (e) Probability of revisiting an area at least once (higher revisiting thresholds are shown in Fig. S7).
Notches in the boxplots display confidence intervals around the median. Dots show outliers.

the larger overlap on their nocturnal area may be a nocturnal tides than diurnal tides (night:
consequence of covering a smaller area at night. B+se=0394+002 z=2494, P<0.001,
Red Knots showed higher revisit probability during Figs 3e & 4).
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Figure 4. Locations of revisited areas for all Red Knots (that have the minimum tracking data required to be included in this study)
on the Griend mudflat between 2018 and 2022. The maps show raster cells (75 x 75 m) that are coloured by the mean revisiting
proportion across all tides for each bird. Values for areas that a bird only visited once, or did not visit, were not used to calculate the

mean.

© 2026 The Author(s). IBIS published by John Wiley & Sons Ltd on behalf of British Ornithologists’ Union.

85U8D|7 SUOWIWIOD 3AIERID 3|qedl|dde 8y Aq pauAof a1e Bl YO ‘8SN 0S8N 1o} AXRIGIT3UIIUO A8]IA UO (SUO I IPUOD-PU-SWLBILI0D A | IMAfe.q1BUI|UO//:SANY) SUORIPUOD PUe SWie | 8U188S *[9202/TT/20] Uo Arigiauliuo AB|IM ' AINN STHOOIN NHOE TOOdMIAIT A 92102 IqYTTTT'OT/I0p/W0d" 8| AReJq1jeuluoj/sdny wioiy papeojumod ‘0 ‘X6T6rLyT



10 C. E. Beardsworth et al.

DISCUSSION

By monitoring Red Knot movements at high spa-
tial and temporal resolutions for 2 months, we
found differences in movement behaviours
between day and night across 5 years. We found
that Red Knots stayed longer within a residence
patch at night before switching. In the night, these
residence patches were slightly closer (~100 m) to
the local islet and main roost site, and also covered
a smaller area per tide than daytime residency
patches. Red Knots differed in diurnal and noctur-
nal space use with less than 50% overlap in area.
Specifically, an average of 20% of the diurnal area
was also used during the night, and 41% of the
nocturnal area was used within the day. Birds were
also found to be more site faithful across tides at
night than in the day.

Longer durations of patch use, combined with
higher site fidelity and smaller space use at night,
suggest that birds were more selective of where to
spend their time in the night than during the day.
Site fidelity is a widespread phenomenon in the
wild, and increased spatial familiarity can increase
individual fitness (Switzer 1993), not only through
knowledge of resources (Dyer 1996, Fagan
et al. 2013), but also of spatial risk patterns (Till-
mann 2009). Evidence from Pheasants Phasianus
colchicus demonstrates that individuals that are less
familiar with an area are more likely to be pre-
dated (Heathcote et al. 2023) and therefore ani-
mals must determine how they wuse space
carefully. Yet, these patterns of risk are tempo-
rally, as well as spatially, dynamic (Palmer
et al. 2022) and a change in cue salience, as with
lower luminosity, could change the perception of
risk. Low-light conditions cause behavioural
changes in anti-predator responses in many species.
For instance, large mammalian herbivores have
been shown to alter spatial distributions depending
on nocturnal light levels and lunar phase (Palmer
et al. 2017). At night, Peahens Pavo cristatus emit
differing vocalizations in response to the same sim-
ulated predator (Yorzinski & Platt 2012) and
Semipalmated Sandpipers Calidris pusilla show
higher rates of ‘false alarms’ (Beauchamp 2010).

The change in spatial distribution and reduced
space use of the tracked Red Knots could also be
due to increased navigational challenges. A longer
period within a patch equally means a longer
period between flights and is comparable to
another study that shows that in lower light

conditions, Eurasian Curlew Numenius arquaia are
less likely to initiate flight (Jolkkonen et al. 2023).
Jolkkonen et al. (2023) suggest their results could
indicate that it may be more difficult to find safe
places to land and therefore increase costly time
on the wing. Indeed, night-time flight has been
shown to increase the risk of fatal collisions in
other species (Desholm & Kahlert 2005). Jolkko-
nen et al. (2023) also found that Eurasian Curlews
were less likely to initiate flight at lower water
levels, when foraging opportunities are greatest,
which is consistent with optimal foraging theory
(Charnov 1976, Pyke et al. 1977, Pyke 1984). We
found an interaction between day/night and tidal
direction, which indicated that duration within a
patch was longer at night during ebb tide, and that
flood tide had a more similar patch duration
between day and night than ebb tide. We suggest
that this is because flood tide forces the birds to
move and switch patches when the water levels
get too high. In contrast, ebb tide allows birds
more freedom to choose when to leave the patch
and, similar to the study from Jolkkonen
et al. (2023), that the willingness to stay in a valu-
able foraging patch and/or the unwillingness to fly
is greater. During the day, birds may also be more
willing to fly to keep up with the receding tide
line and may more easily use cues such as conspe-
cifics or other surface cues to indicate patch profit-
ability. This argument could also help to explain
why, at night, birds stayed nearer to the islet of
Griend, the closest roost site on the mudflat. Jour-
dan et al. (2022) similarly found that Black-tailed
Godwits Limosa limosa foraged closer to the coast
and used smaller areas at night, attributing this to
the human disturbance and the use of different
foraging grounds. However, it should be noted
that the model-estimated distance from the Griend
roost site was only ~100 m shorter at night than in
the day, whereas the birds typically foraged several
kilometres away from the roost in both day and
night. We therefore suggest that rather than stay-
ing close to the roost site for an element of safety,
this difference is probably linked to birds being
more selective over space use, that is, being more
site faithful to specific areas and spending more
time in those residence patches during the night,
while exploring more readily during the day.

As tactile foragers, Red Knots do not require
visual surface cues to hunt for their prey and
therefore do not necessarily detect prey more eas-
ily in very recently exposed areas, as has been
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shown in other species (Smith 1975). Tactile for-
aging shorebirds have been shown to use
area-restricted search, using slow tortuous move-
ment in prey-rich areas, which may lead to staying
in a patch for longer than with other foraging tac-
tics such as visual search (Dias et al. 2009).
Another study of Red Knots in the Dutch Wadden
Sea found that more exploratory birds will also
hunt and eat soft-shelled prey, such as Brown
Shrimp (e.g. Crangon crangon), using visual tactics
(Ersoy et al. 2022). While the study did not inves-
tigate these behaviours at night, Red Knots have
smaller eyes compared to shorebirds like plovers,
which primarily use visual foraging and often feed
at night (Martin & Piersma 2008). It is therefore
unlikely that visual searching in Red Knot is as
effective in low-light conditions, and this could
contribute to their site selection, since shrimp are
more spatially variable than bivalves (Penning
et al. 2026). If birds are using a higher proportion
of tactile foraging at night, this could help to
explain increased duration in residence patches.
Our result showing that a large proportion of the
space use was unique to either day or night sup-
ports the suggestion that there may also be differ-
ences in prey choice or foraging tactics between
day and night. Furthermore, if birds feed on a
higher proportion of bivalves at night, it may be
expected that they take more frequent digestive
breaks (van Gils et al. 2005) which could increase
time spent in a residence patch. Conversely, Ersoy
et al. (2022) reported a large variation in how
much soft-shelled prey individual Knots eat, with
some eating very few; therefore, there may not be
enough of a dietary change to lead this difference
in behaviour from diet alone.

Staying longer in residence patches during the
night could also indicate lower intake rates, requir-
ing more time in an area to obtain the same
amount of food as in the day. This may be due to
a switch in the proportion of other behaviours; for
example, Red Knots may spend more time resting
at night, increasing time within a patch. Alterna-
tively, the efficiency of foraging tactics may
decrease at night so that birds must spend longer
foraging in any particular place. Other shorebirds
have been shown to use surface cues—remnant of
deposit feeding—to locate Baltic Tellins more
effectively (Hulscher 1982), and intake rate
reduced when these cues were removed, despite
using a tactile foraging technique throughout. It is
therefore also possible that Red Knots could be
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using a similar combination of visual and tactile
foraging tactics during the day that could be
impeded by reduced light levels. A reduced intake
rate may therefore mean that birds must increase
the amount of time spent within a location to
maintain their total intake. Indeed, in the Tejo
estuary in Portugal, prey intake was higher during
the day than at night for five out of six assessed
shorebird species, with the exception being the
Grey Plover Pluvialis squatarola, whose large eyes
make it an effective predator under low-light con-
ditions (Lourengo er al. 2008). Across the mud-
flats, prey is patchily distributed, varying in both
community composition and species density (Bijle-
veld et al. 2025). In our study, low overlap and
differences in areas with high revisitation rates
(Fig. 4) between day and night sites within years
suggest that prey choice could differ. In other spe-
cies, such as the Northern Shoveler Spatula cly-
peata, nocturnal and diurnal foraging patches have
been shown to differ in prey density, with noctur-
nal sites having much higher densities of their pre-
ferred prey (Moreau et al. 2024). Previous work
has demonstrated that Red Knots select areas of
intermediate cockle densities to trade-off quantity
and quality due to negative density dependence
among prey (Bijleveld et al. 2016). It may be the
case that Red Knots are able to be more selective
in the day, leading to differences in site use
between day and night. Notably, areas with high
revisitation seem to change each year, so while
prey seems to be predictable within years, there
are probably spatial differences in resources across
years.

It is also possible that differences in the activity
levels of predators or prey could also directly elicit
changes in spatial behaviour between day and
night (Robert & McNeil 1989). Few studies have
addressed the extent the prey of Red Knot change
their behaviour between day and night (although
see Esser et al. 2008). With regard to predators,
the most common predators in our study area is
the Peregrine Falcon Falco peregrinus which is not
active at night, while Short-eared Owls Asio flam-
meus are present and can be active during both
day and night (Page & Whitacre 1975, Rosa
et al. 2006). Predator disturbance could be more
likely in the day, and could lead to more fre-
quently interrupted residence patches of shorter
durations during daytime. Furthermore, distur-
bances in one area could lead more generally to
wider space use by the population. Indeed, at
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night, the northern mudflats around Griend seem
to be used rarely and while this could be due to
differences in prey abundance or catchability, it
could also be a consequence of a riskier environ-
ment—although understanding risk perception of
Red Knots in this environment requires further
research to provide conclusions. Disturbance from
humans during the day is also a possibility, but
highly restricted access to the Griend mudflat and
islet means that this is unlikely to be a major cause
of movement between patches.

Our study offers novel insights into how shore-
birds cope with the challenge of differential prey
availability throughout the tidal cycle, concur-
rently with marked changes in environmental con-
ditions throughout the diel cycle. We show that
Red Knots modify where they forage and how
long for, depending on where the low-tide period
falls within the diel cycle. The causes of these
behavioural variations require more study, but we
propose that limited light, or differences in prey or
predator activity (which may also be a conse-
quence of light intensity), could contribute to dif-
ferences in behaviour. Future studies could
investigate spatial behaviour within the night only,
accounting for differences in illumination (via
moonlight across the lunar cycle or artificial light).
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Additional supporting information may be found
online in the Supporting Information section at
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Figure S1. (A) Locations of receivers (red trian-
gles) in the Dutch Wadden Sea during September
2018-2022. Griend mudflat is denoted by blue
box. (B) Photograph of receiver on flooded mud-
flat in 2020.

Figure S2. Example trajectory of Red Knot and
residence patch over low-tide period showing dif-
ferences in residence patch outputs with changes
in the minimum fixes within a residence patch.
Residence patches have been assigned using the
following parameters: minimum fixes = 1 (A) or 3
(B) or 7 (C); spatial independence limit = 75 m;
minimum duration = 120 min; max speed = 3 m/
s; time independence limit = 180 min.

Figure S3. Example trajectory of Red Knot and
residence patch over low tide period showing dif-
ferences in residence patch outputs with changes
in the spatial independence limit. Residence
patches have been assigned using the following
parameters: minimum fixes = 3; spatial indepen-
dence limit = 35 m (A) or 75 m (B) or 150 m
(C); minimum  duration = 120  min; max
speed = 3 m/s; time independence limit = 180
min.

Figure S4. Example trajectory of Red Knot and
residence patch over low-tide period showing dif-
ferences in residence patch outputs with changes
in the minimum duration of a residence patch.
Residence patches have been assigned using the
following parameters: minimum fixes = 3; spatial
independence limit = 75 m; minimum dura-
tion = 30 min (A) or 120 min (B) or 240 min
(C); max speed =3 m/s; time independence
limit = 180 min.

Figure S5. Example trajectory of Red Knot and
residence patch over low tide period showing dif-
ferences in residence patch outputs with changes
in the time independence limit. Residence patches
have been assigned using the following parameters:
minimum fixes = 3; spatial independence lim-
it = 75 m; max speed = 3 m/s; time independence
limit = 90 min (A) or 180 min (B) or 360 min
(C); minimum duration = 120 min.

Figure S6. Example trajectory of Red Knot and
residence patch over low-tide period showing dif-
ferences in residence patch outputs with changes
in the maximum speed. Residence patches have
been assigned using the following parameters: min-
imum fixes = 3; spatial independence lim-
it = 75 m; max speed = 1 m/s (A) or 3 m/s (B) or
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6 m/s (C); time independence limit = 180 min; across tides are only counted when there are at
minimum duration = 120 min. least one, two, three or four revisits to the same
Figure S7. Assessment of revisit probability was 75 x 75-m raster cells.

limited to one revisit in the manuscript, but these
boxplots demonstrate that nocturnal revisit proba-
bility is generally higher in all years where revisits
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