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Abstract

Zoogenic impact plays a critical role in stream processes, especially bank stability
and resulting channel dynamics. This study focuses on bioturbation by groundhogs
(Marmota monax) along the riparian zone of Mill Creek (Bucks County, Pennsyl-
vania, USA). Several complexes comprising at least 32 active burrows (average
diameter: 25.9 cm) were geolocated, with morphometric measurements obtained at
selected sites. Two networks were imaged using high-frequency 800 MHz ground-
penetrating radar (GPR) and included: 1) a grid of parallel 3-m-long transects on the
south bank, and 2) an 11-m-long profile on the north bank. Post-processed electro-
magnetic signal traces (A-scans) comprising 2D radargrams (B-scans) revealed
voids as reverse-polarity anomalies (hollow inclined shafts and tunnels), allowing
for a general assessment of burrow depth and orientation. At the southern cutbank
site, a large burrow had an entrance diameter of 0.3 m and a westerly dip. A sloping
tunnel section was detected at ~0.5 m depth, based on the geometry of point-source
(transverse) hyperbolic diffractions corresponding to the roof and a floor ‘pull-up’.
The second locality traversed three open burrow entrances adjacent to large tree
roots. This survey along a tributary channel shows multiple hyperbolics below
adjacent openings, with the latter showing the characteristic signal ‘breakout’. GPR
data show hyperbolic signatures ~0.3—0.4 m below the ground surface. Along this
transect, burrowing activity appears to increase with proximity to the northern bank
of Mill Creek. An example of a depth slice (bedding-plane view) from a nearby
riverbank demonstrates the potential for 3D visualization (C-scans) of burrow net-
works using a grid of closely spaced GPR profiles. Groundhog burrows constrain
maximum long-term level of the groundwater table and serve as important zoogeo-
morphic structures in diverse ecotones, including developed landscapes. Abundant
evidence of bank slumping, incision, and treefall suggests that burrowing activity
likely weakens root systems and enhances groundwater flow, thereby initiating or
accelerating geomorphic cascades leading to slope failure.
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HeinBa3uBHe (reopagapse) aocjia:keHHs Hip 0a0aka jicoBoro (Marmota monax),
MencinbBanisa, CIIA

Lnns ByiineBuy

Pe3rome. 300reHHUI BIUIMB Biflirpae BUPIMIAIbHY POJIb Y IpoIiecax Tedii, 0COOIMBO B CTabLIBHOCTI OeperiB i B
pesynbTaTi tuHaMini pycia. Lle mocmimkeHHs 30cepekeHo Ha 6ioTypOauii 6abakiB (Marmota monax) y3noBx
npubepexHoi 30HU cTpymMka Mimn-Kpik (okpyr bake, IlencineBanis, USA). Kinpka KOMIUIEKCIB, IO CKiIama-
I0ThCA 3 IIOHAaiiMeHIIe 32 akTUBHUX Hip (cepeaniit miamerp: 25,9 cM), Oyau reosiokoBaHi 3 MOPHOMETPUIHUMH
BUMIpPIOBAaHHSMH, NPOBEACHUMHU Ha BHOpaHUX AUISHKax. J[Bi Mepexi Hip Oylo Bi3yali30BaHO 3a JOIMOMOTOIO
BHUCOKOYACTOTHOTO Teopanapy i3 yactororo 800 MI'm i Bkimrouanu: 1) CiTKy mapaneilbHUX TPAHCEKTIB JOBXKH-
HOIO 3 M Ha miBIeHHOMY Oepesi Ta 2) nmpo¢ire 1oBxuHOI0 11 M Ha miBHiYHOMY Oepe3si cTpymka. O6poobieHi
CJII/IN €JIEKTPOMAarHiTHOro curHaiy (A-ckanm), mo Mictsath 2D pagaprpamu (B-ckann), BUSBHIH HOPOKHUHH SIK
aQHOMaJIiT 3BOPOTHOT MOJIIPHOCTI (TIOXHJII IIAXTH Ta TYHEINI), JO3BOJISIIOUH 3arajibHy OIIHKY IIMOWHM Ta Opi€H-
tarii Hopu. Ha miBaeHHiit minsHii, Benuka Hopa mana miamerp Bxoay 0,3 M i 3axigne maminas. [loxummii cer-
MEHT TYHEI0 OYyJI0 BUSBJICHO Ha THOMHI ~0,5 M Ha OCHOBI reOMeTpii TOUKOBHX (TIOTIEPEYHUX) TIMEpOOTIYHIX
IuQpakxIiif, 010 BiAMOBIIAIOTH Jaxy Ta «IATATYBAaHHIO» MiJUIOoTH. [lpyre Miciie MpOXoaAnIo Yepe3 TPU BiAKPHUTI
BXOJM B HOPH, L0 PHMHKAIOTh 10 BEIMKHX KOPEHiB iepeB. Lleit orusiy y30BkK KaHAIy IPUTOKH MOKa3y€e Kilb-
Ka TinepOoTiYHUX 300paskeHb Mi/l CYCiIHIMH OTBOpAMH, IPUYOMY OCTaHHI JEMOHCTPYIOTh XapaKTepHHUNA CHUTHAT
«mpopuBay. JlaHi reopanapa mokasyoTs rinepoomivni ciign ~0,3-0,4 M Imi7 HOBEpXHEIO 3eMiIi. Y3I0BXK LBOTO
pO3pi3y aKTHUBHICTh PUTTS 3pOCTAE 3 HAONMKEHHSM 70 TiBHIYHOTO Oepera Mimn-Kpik. [Ipuknan rmuGuHHOTO
3pi3y (BHJ TUIONIMHU HACTHUIY) 3 CYCITHBOTO Oepera piuku JeMOHCTpye moTeHmian 3D-izyamizanii (C-ckaH)
MEpEeXi Hip 3a JIOMOMOTOK OJM3bKO PO3TAlIOBaHOI CiTKH MpodiniB reopamapapa. Hopu micoBoro 6abaka ooMe-
JKYIOTh MAaKCHUMAJIbHUH JIOBTOCTPOKOBHII PIBEHb IPYHTOBHX BO/I i CIY’KaTh BaXKJIMBUMH 300r€OMOP(GHUME CTPY-
KTypaMd B PI3HOMaHITHHX €KOTOHAX, BKIIOYAIOUM AHTPOTOTCHHI JaHAmadTi. YuCIeHH! TOKa3W OIyCKaHHS
OeperiB, Bpi3aHHS Ta MaJiHHA JEpeB, CBiqUaTh MPO T€, IO AISUIBHICTH 3eMIIEPOiB, HMOBIPHO, MOCIa0II0€ KOpe-
HEBY CHCTEMY Ta IMOCUIIOE TIOTIK IPYHTOBUX BOJ, THM CaMHM iHIIIIOIOYH a00 MPUCKOPIOIOYN TeOMOPOIIOTidHI
KacKaJy, 110 MPU3BOSATH JI0 PYHHYBAHHS CXUIIIB.

KntogoBi cimoBa: 6iotypbaris, reopagap, TyHEb, CXHIL.

Introduction

Semi-fossorial mammals have been shown as important landscape engineers [Butler 1995], an
impact with a potentially rich fossil record [Voorhies 1975; Gobetz 2006; Hasiotis et al. 2007].
Groundhog or woodchuck (Marmota monax) is one of the most prolific burrowers, which often ex-
tend their habitat into anthropogenically altered landscapes [Armitage 2003]. Whereas field-
intensive excavation, trenching, and casting methods have been used to study burrow networks of
smaller animals, large (diameter >20 cm) structures are extremely challenging to map, especially if
abandoned or masked by infilling burrows [Voorhies 1975; Reichman & Smith 1990; Cortez et al.
2013; Buynevich et al. 2014; Kopcznski et al. 2017].

To address this, recent advances in rapid, continuous subsurface imaging, such as ground-penet-
rating radar (GPR or georadar) are being increasingly applied to identify and map large bioturbation
structures [Stott 1996; Buynevich, 2011; Kinlaw & Grasmueck 2012; Swinbourne et al. 2014;
Buynevich, 2023a]. Natural and man-made river embankments, dikes, and levees have received
recent attention from detailed GPR-aided monitoring, [Biavati et al. 2008; Di Prinzio et al. 2010;
Chlaib et al. 2014; Tanajewski & Bakuta 2016], however little research has focused direct impact of
bioturbation on slope stability [Nichol ef al. 2003; Buynevich et al. 2018; Sherrod et al. 2019].

This study addresses the zoogeomorphic aspect of bioturbation by combining geophysical imag-
ing and field investigation of groundhog burrow networks along fluvial terraces of south-east Penn-
sylvania, USA (Fig. 1). The aims of this study are to: 1) demonstrate the viability of high-frequency
georadar for imaging shallow burrows of M. monax, and 2) to highlight the importance of burrowing
activity as an integral part of biogeomorphic cascades in forested riparian settings.
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Fig. 1. Location of the study area: (a) Bucks County, Pennsylvania, USA. The main Mill Creek site (Fig. 1b) and
Delaware River site (Fig. 5) are shown by white arrows; (b) Mill Creek site with geolocated active burrows (B—
yellow labels). Some clustering is visible (circle: 5 m radius from an opening). Red labels (R) represent closest bank
of the Mill Creek (white arrows show flow to the west) (GoogleEarth™).

Puc. 1. Po3ramryBanHs Tepurtopii gocmimxerHs: (a) okpyr bakc, mrar IlencineBanig, CLIA. NonoBre micue Mimn
Kpik (Puc. 1b) i ginsgaka va piuni denasep (Puc. 5) nokazano 6inmumu crpinkamu; (b) Himsaka Mimn Kpik i3 reono-
KOBaHMMH aKTUBHHMHU HOpamu (B — xoBTi MiTkn). BuaHo mesike ckymueHHs (KOJO: paaiyc 5 M Bix otBopy). UepBo-
i Mitkn (R) mo3HaYa0Th HARGIIKUMI Geper crpymka (6ii cTpinky moKa3yoTh Tediro Ha 3axin) (GoogleEarth™).

Materials and Methods

Field surveys conducted along a section of Mill Creek (aka Mill Run, Pennsylvania) between
2017-2019 included photography, geolocation (digital hand-held Garmin GPS), and measurements
of active burrow entrances (diameter, minimum achievable depth, and dip azimuth). Geophysical
surveys utilised ground-penetrating radar (GPR or georadar) that uses electromagnetic (EM) impuls-
es for rapid continuous imaging of the subsurface [for methodology and post-processing protocols
see: Di Prinzio ef al. 2010; Chlaib ef al. 2014; Buynevich et al. 2014]. High-resolution geophysical
images (radargrams) were collected using a digital MALA Geoscience system with a shielded
800 MHz monostatic antenna (Fig. 2a). Due to a trade-off between signal penetration and vertical
resolution (discrimination between two closely spaced interfaces), this high-frequency setup was
most suitable for the present study. Based on empirical data, measured target (burrow) depth, as well
as hyperbola fitting during and following the surveys, the EM signal velocity of 8 cm/ns is used for
damp organic, clay-rich soils at the study site. The vertical separation between stacked diffractions
can be used to estimate the height (diameter) of the void. The along-ground distance along survey
lines was provided by the odometer wheel attached to the antenna (Fig. 2a).

In radargrams, a series of wiggle traces (A-scans) are stacked to produce a continuous 2D pro-
file (B-scan; Fig. 2b). Due to cone-shaped transmitted signal geometry, buried three-dimensional
objects (point-source reflections) exhibit a typical hyperbolic (high-amplitude diffraction) response
(Fig. 2b). The apex of the hyperbola represents the actual position of the buried target and air-filled
cavities produce a characteristic ‘pull up’ (early signal arrival) of the floor due to higher velocity in
air than in sediment [Fig. 4; Nichol et al. 2003]. Traverses directly over burrow openings result in
early direct signal arrival (sharp pull up or ‘breakout’), which extends through a gap in ground-wave
reflection. In contrast, a saturated burrow-fill or a live animal will produce a reduction in signal ve-
locity. The shape (tightness) of the diffraction is a function of target size and EM wave velocity of
the overlying layer, both of which cause broadening in limb separation.

Besides signal velocity, its polarity pattern can be used to assess subsurface changes [Chlaib et
al. 2014; Buynevich et al. 2021]. As a high-amplitude interface response in a given A-scan is com-
pared to the air-ground interface return (velocity reduction), the polarity pattern (red/blue [+/—] se-
quence) would be either the same (normal) or opposite (reversed; Fig. 2b).
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Fig. 2. Subsurface imaging method: (¢) An 800 MHz georadar antenna, with an odometer wheel providing along-
ground distance; (b) 2D radargram (B-scan) contains several vertically stacked hyperbolic diffractions (convex
anomalies). A synthetic A-scan wiggle-trace at right shows a polarity pattern of the air—ground interface (— + —) and
the anomalies below with a similar response that are considered normal (also note the signal pull-down below result-
ing from a decrease in velocity). A strong reflection in the middle has a reversed polarity (+ — +), which is common
for an air-filled void, as corroborated by a signal pull-up (velocity increase) just below. The low velocity through the
upper anomaly results in a tighter diffraction of the upper interface of the middle target (e.g. burrow roof; from
[Buynevich et al. 2021]).

Puc. 2. Meron otpumanHs 300paskeHb i HOBepxHEIO: (a) AHTeHa reopagapa 800 MI'1 3 kolecoM ogoMeTpa, Io
BU3HAUA€ BiICTaHb y3M0BX 3emii; (b) 2D pamaporpamma (B-ckaH) MICTUTh KiTbKa BEPTHKAIBHO PO3TALIOBAHHX
rinepOoniuHnx mudpaxmii (omyknmmx anoMmanii). CHHTeTHYHHH A-CKaH CIpaBa MOKa3ye MOJIIPHICTh KOHTAKTY «IO-
BiTpS-3eMIIsD» (— + —) Ta aHOMAJIii HIKYE 3 MOAIOHUM BiATYKOM, SIKi BBOXKAIOTHCS HOPMAJbHUMH (TaKOX 3BEPHITH
yBary Ha cliaJi CHTHAJIy BHU3Y B pe3yJIbTaTi 3MeHIIeHHs y mBuAKocTi). [loTy)xHe BinoOpakeHHS B CepeluHi Mae
3BOPOTHY MOJIAPHICTH (+ — +), 110 € 3BUYAWHUM IS 3aIIOBHEHOT MOBITPSM MOPOXKHEYI Ta MiATBEPIKYETHCS AT~
T'YBaHHSM CHTHaNy (301JIbLIEHHS IIBUAKOCTI) TPOXH HYDK4Ye. [10BijbHA MIBHAKICTD Yepe3 BEPXHIO aHOMAIIO MPU3BO-
JIUTh 70 MUTBHIIOT Aupakilii BepXHBOI MEXi pO3IiTy CepeHboi il (Hamp., Aax HOopH; 3a: [Buynevich et al. 2021]).

For instance, if a subsurface interface has normal polarity, it is associated with a signal decel-
eration (e.g. increased moisture content, live animal, etc.). Polarity reversal would indicate a velocity
increase (e.g. empty or air-dominated void; Fig. 2b). Raw GPR images were post-processed with a
RadExplorer v.1.41 software package and are presented as two-dimensional images (B-scans). The
post-processing algorithm followed a standard protocol [see: Di Prinzio et al. 2010; Buynevich et al.
2014]. No surface normalization was applied due to negligible topographic variations over short
survey distances.

Results

For 32 mapped burrows, entrance diameters varied between 10-45 cm, with a mean of 25.9 cm.
The majority (>80%) of the burrows were within 5 m of streambank, with the remainder between
1020 m. Many creek slope sections adjacent to burrows show extensive undercutting, root expo-
sures, and treefall (Fig. 3b).

Geophysical images both across and along dipping entrance tunnels contain hyperbolic diffrac-
tions (point-source reflections). At the southern bank site, a burrow within 1.5 m of the cutbank had
an entrance diameter of 0.3 m and a westerly dip angle of ~40°, roughly parallel to the stream flow
direction. It was imaged both along and across the trend of an inclined entrance tunnel (Fig. 4a). A
3-m-long transverse image presented here (Line 191) reveals a clear double-diffraction feature at a
depth of ~0.5 m below the topsoil, the deeper interface being a ‘pull-up’ (see Fig. 4b). The top high-
amplitude reflections has a reversed polarity pattern (e.g. sequence of red/blue [+/—] lines; see
Fig. 2b), whereas the polarity pattern of the bottom return is normal (Fig. 4b).
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Fig. 3. Zoogeomorphic impact: (¢) Multiple entrances along the north (right) bank site, with a tributary channel in the
distance; (b) Eroding south (left) creek bank near an active groundhog burrow is characterised by exposed roots
(small arrows) and fallen trees (large arrows).
Puc. 3. 3ooreomopdororiunuii BimB: (a) Jlexipka BXOAIB y3J0BX IiBHIYHOTO (TIpaBoro) Gepera, 3 IPHUTOKOBHM
kaHasoM Ha Binctadi; (b) Eposis miBgeHHOTO (J1iBOr0o) Oepera cTpyMKka mo0nu3y akTHBHOI HOpH 06abaka XapaKkTepu-
3Y€ThCS BIIKPUTUMHU KOPiHHAMH (MaJICHbKI CTPLIKK) 1 HOBAIICHHMU JA€PEBaMH (BEIIHKI CTPLIKH).
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Fig. 4. Subsurface
images (2D  radar-
grams) of groundhog
burrows: (a) Layout of
geophysical  surveys;
(b) Image across a large
burrow entrance along
the south bank (yellow
oval). The two-way
travel time in nanosec-
onds (ns) is used to
calculate approximate
depth; (¢) GPR transect
across several openings
at north bank site. See
Fig. 1b for site location.

Puc. 4. Ilingmosepxuesi 300pakenns (2D pagaprpamn) Hip 6adaka micoBoro: (a) Cxema reo¢i3smIHNX TOCTIKEHB;
(b) 300pakeHHs Uepe3 BENMKHH BXiZ y HOPY B3JIOBXK MiBJIeHHOTO Gepera (>koBTHI oBai). Yac momoposki B HAHOCEKY-
H7aX (ns) BUKOPUCTOBYETHCS AJIs PO3paxyHKy NpuOmu3Hoi rimbunu; (¢) I'eopanapuuit npodins yepes Kijgbka 0TBO-

piB Ha miBHIYHOMY Gepesi. J{uBiThest puc. 1b mist po3ranryBaHHs QiISHKH.
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terrace edge

Fig. 5. Depth slice: (a) Large burrows exposed along the western bluff face of Delaware River. A 3D survey grid was
collected on the terrace just beyond the edge; (b) Horizontal 3x3 m depth surface (z-slice) of shallow burrow tunnels
below the river terrace represents a bedding-plane view at 0.8—0.9 m interval. Hot (red/yellow) colors represent high-
amplitude anomalies corresponding to extensions of exposed burrows shown in Fig. 5a. See Fig. 1a for site location.

Puc. 5. 3pi3 rubunu: (a) Benuki HOpH, BIAKPHUTI B3IOBXK 3axigHOro 00puBy piuku Jemasep. Citka 3Dwornsay Oyna
3i0paHa Ha Tepaci Bimpasy 3a kpaewm; (b) ['opu3oHTaIbHA MOBEPXHS TIHOMHOK 3X3 M (z-3pi3) HETNTHOOKHUX TYHEIIB
i Tepacolo MPEACTaBIsI€ BHUIIIAL IUIOIUHA HacTwiay 3 iHTepBanmoM 0,8—0,9 M. [Mapsui (4epBOHI/SKOBTI) KOIBOPH
MPEICTaBIAIOTh BHCOKOAMIUITYAHI aHOMAJii, IO BiAMOBINAIOTH MPOAOBKEHHAM BIAKPUTHX Hip, MOKAa3aHUX Ha
puc. 5a. Po3ranryBanHs AUISHKA OWMB. Ha puc. la.

At the northern site, just east (upstream) of a small tributary, an 11-m-long profile traversed
several burrows (Line 195; Fig. 4a). In the middle of the transect, imaging of the openings (Fig. 3a)
shows a characteristic surface ‘breakout’ (Fig. 4¢c; see Methods section above). Similar to the south
site, the targets show reverse polarity and there are sections of continuous reflections next to several
hyperbolics. At a depth of 0.3-0.4 m, there are multiple targets represented by hyperbolic diffrac-
tions with reverse polarity. Small, tight diffractions with normal polarity are present in several sec-
tions of the image, are concentrated near the surface and often occur in clusters (Fig. 4c).

Large burrows (likely M. monax tunnels exposed by bluff retreat) exposed along the high bank
of the Delaware River (Fig. 5a) were imaged using a grid of 3-m-long GPR survey lines, with suffi-
ciently closed line spacing. Ultimately part of a 3D image, a depth slice (z-slice) at 0.8-0.9 m below
the terrace surface is presented here (Fig. 5b). High-amplitude reflections in this orientation corre-
spond to subsurface voids that can be correlated with exposed openings.

Discussion

The results of this study show good viability of GPR to image large burrows even in relatively
mud-rich substrates. All burrows at Mill Creek were excavated by Marmota monax, some of which
were observed near entrances during field visits. The high-amplitude diffractions correspond to sub-
surface extensions of active burrow tunnels and chambers (depth: 0.3—0.5 m; Figs 4b—), with a
characteristic ‘pull-up’ of the burrow floor due to high EM wave velocity through air. Sections of
continuous reflections adjacent to several point-source hyperbolics are likely (near-) longitudinal
tunnel (or chamber) segments (Fig. 4c).

The polarity reversal representing the tunnel roof is consistent with sediment-air transition,
compared to normal polarity of the floor (air-to-sediment). The subvertical portions (shafts) are not
common in groundhog burrows and would produce signal interference [Buynevich et al. 2014]. Nu-
merous tight hyperbolas near the surface of the north bank transect are groundtruthed as tree roots
(Fig. 4c) and may produce complex target patterns when adjacent to burrows.

This research has direct implications for understanding the role of large burrows in weakening
regolith integrity, tree root stability, and groundwater pathways (Fig. 36 and 5a). These processes
may initiate or contribute to local geomorphic cascades [Butler 1995; Kinlaw & Grasmueck 2012;
Buynevich et al. 2018]. Even on low-gradient surfaces, large burrows, especially when masked by
vegetation, present danger to walking humans or livestock [Fig. 3a; Kopcznski et al. 2017; Sherrod
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et al. 2019]. Additional information can be obtained from detailed surveys grids, where a series of
depth profiles (z-slices) can be used to assess a 3D (C-scan) context of burrow networks (Fig. 5b).

An additional value of identifying, visualising, and mapping burrow networks is their value as
indicators of long-term groundwater table position [Buynevich 2003b]. Whereas some burrows have
openings above and below water (beaver, desman, etc.), many rodents construct their networks
above the water table, making them attractive for other semi-fossorial animals or predators (e.g.
foxes). This makes them useful indicators of the maximum long-term water table position
[Buynevich et al. 2023]. Finally, visualisation of modern burrows helps identify inactive structures,
although their recognition may be hampered depending on the fill-to-matrix contrast. Vertebrate
burrows are important indicators of terrestrial paleoenvironments [Voorhies 1975; Gobetz 2006;
Hasiotis et al. 2007; Zonneveld 2016], therefore geophysical imaging can help identify and map
paleosol surfaces and bioturbated substrates, especially when non-invasive methodology is required.
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