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ABSTRACT

Most crayfish species are capable of  constructing underground burrows. Burrow construction 
provides crayfishes the potential to actively engineer microhabitat and optimize local environ-
mental conditions. Little attention, however, has been paid to quantifying the environmental 
outcomes of  burrow morphology. We examined the potential of  chimneys to ventilate bur-
rows via wind-assisted buoyancy ventilation. We first conducted proof-of-concept trials in the 
field using smoke tracers. We then used a wind tunnel to quantify effects of  wind velocity, 
chimney height, burrow orientation, and tunnel angle on model burrow ventilation rates. We 
developed a predictive model to predict burrow airflow based on endogenous and exogenous 
factors, and proofed the model with field measurements from a natural burrow. Proof-of-
concept trials showed that during breezy conditions (i.e., 8–16 km−h wind gusts), smoke gen-
erated near a natural burrow was rapidly drawn into the non-chimney entry, through the 
burrow, and out the chimney. Wind-tunnel trials revealed significant effects of  chimney height 
and wind velocity on burrow airflow, but no significant effects of  burrow orientation towards 
the prevailing wind direction, nor of  the angle of  the burrow beneath the chimney. A model 
developed from wind-tunnel trials predicted air velocities exiting a theoretical chimney that 
were within 85% of  observed velocities exiting natural chimney-burrow complexes. We con-
clude that crayfish chimneys can serve as passive ventilation systems for crayfish burrows, 
with chimney height and wind velocity exerting particularly strong effects on airflow. Costs 
and benefits associated with chimney construction and ventilation are still speculative but 
should comprise a productive line of  research for future studies focused on burrowing crayfish 
ecology and conservation.

Key Words:  airflow, bioengineering, Crustacea, ecosystem engineering Lacunicambarus dalyae, 
wind effects

INTRODUCTION

Ecosystem engineers take many forms, but burrowing organisms 
in particular create spatially distinct subterranean habitat patches 
which can have dramatic, functional effects on terrestrial and 
aquatic ecosystems (Wilkinson et  al., 2009; Corenblit et  al., 2011; 
Milling et al., 2018). Burrowing animals can create microclimates 
that often are more environmentally stable and moderate com-
pared to above-ground conditions and frequently afford burrow 
inhabitants with a physiological benefit (Sinclair & Chown, 2006; 

Pike & Mitchell, 2013). The degree to which the activities of  bur-
rowers influence and/or regulate their own populations and those 
of  other species varies with the nature of  the burrower. For ex-
ample, some species such as gopher tortoises (Gopherus polyphemus 
Daudin, 1802)  or beavers (Castor canadensis Castor canadensis Kuhl, 
1820) have dramatic effects on other species (Naiman et al., 1988; 
Guyer & Hermann, 1997), whereas the burrowing behavior of  
earthworms can drive fundamental ecosystem processes such as 
carbon cycling (Don et  al., 2008). At the extreme, the effects of  
ecosystem engineering and associated ecological inheritance of  
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engineered structures can change the selective environment and 
potentially the evolution of  burrowing species (i.e., niche construc-
tion; Odling-Smee et al., 2003).

Freshwater crayfishes are all capable of  burrowing, some in 
close proximity to surface waters, whereas others create and oc-
cupy burrows far from surface water sources, with a range of  bur-
rowing soil preferences between and within species (Grow, 1981; 
Loughman et  al., 2012; Helms et  al., 2013a, b). Crayfishes can 
build burrows ranging from simple and shallow to complex and 
deep, and vary the number of  entrances to the surface as well 
as the proportion of  entrances that are open or plugged at any 
given time (Hobbs, 1981; Miller et  al., 2014). Quite often one or 
more openings of  a crayfish burrow are topped with character-
istic chimneys constructed from individually created mud pellets 
(Trepanier & Dunham, 1999; Miller et al., 2014; Clay et al., 2017). 
Crayfishes that live all or most of  their lives in surface water habi-
tats (i.e., tertiary burrowers) are strongly influenced by broad en-
vironmental characteristics (e.g., temperature, water level, oxygen) 
over which they have little control (Flinders & Magoulick, 2003; 
Pârvulescu & Zaharia, 2013; Westhoff & Rosenberger, 2016). In 
contrast, burrowing species (secondary and primary burrowers) 
engineer their own habitat in the form of  underground burrows 
where they spend the majority of  their lives with modulated en-
vironmental fluctuation (Hobbs, 1981; Payette & McGaw, 2003). 
This behavior suggests the potential for active engineering by 
burrowing crayfishes (Fig. 1) to optimize local environmental con-
ditions to increase survival, growth, and/or reproduction. Little at-
tention, however, has been paid to quantifying the environmental 

outcomes of  burrow construction and morphology in terms of  
crayfish function.

Burrowing crayfishes typically burrow to and often below the 
groundwater table (Loughman, 2010; Stoeckel et al., 2011; Helms 
et  al., 2013a, b). In many environments, groundwater is often 
hypoxic or even anoxic, thus crayfish individuals often reside in 
their burrows at the water interface (Williams et  al., 1974; Grow 
& Merchant, 1980; Malard & Hervant, 1999; Helms et al., 2013b; 
Ames et al., 2015), presumably to maintain gill moisture and reap 
benefits of  atmospheric oxygen. As such, maintaining air flow 
within the burrow would be of  considerable physiological import-
ance to burrowing crayfishes. Burrow chimneys may be integral 
in air flow regulation and ventilation by facilitating buoyancy-
driven ventilation (BDV), a process by which an air density gra-
dient within a burrow can induce air flow (Weir, 1973; Vogel, 
1978; Roper & Moore, 2003; Ganot et  al., 2012). A  “stack ef-
fect” facilitates BDV by creating an air density differential driven 
by higher temperatures at the summit of  a chimney and cooler 
temperatures at a lower opening. Wind air flow horizontal to the 
burrow openings can also induce wind-assisted buoyancy ventila-
tion (Hunt & Linden, 2001). Air in the chimney is drawn out of  
the summit to the area of  negative pressure, which in turn pulls 
air into the chimney from the base opening. Both stack effect and 
wind-assisted buoyancy ventilation processes have been recognized 
to be exploited by animals (Vogel, 1978). For example, prairie dogs 
ventilate their U-shaped burrows by building a lower, rounded 
dome at one entry, and a higher, sharper-edged crater-mound at 
the other entry. In wind-tunnel experiments with model prairie 
dog burrows, the effect was observed at wind velocities as low as 
0.45 m–s (Vogel et al., 1973; Vogel, 1978). Whether similar mech-
anisms govern crayfish burrows and associated chimneys has yet to 
be fully explored.

Hypotheses regarding crayfish chimneys range from non-
purposeful excavation piles, to protection from predators while 
excavating burrows, to species recognition cues, and natural ven-
tilation systems functioning to deliver fresh air and oxygen under-
ground (Abbott, 1884; Hobbs, 1981; Trepanier & Dunham, 1999; 
Punzalan et al., 2001; Clay et al., 2017). We hypothesize that chim-
neys serve as engineered structures to create air flow through 
crayfish burrows and that ventilation rate is affected by both ex-
ogenous (i.e., wind velocity) and endogenous (chimney height 
and orientation) factors. We first conducted qualitative, proof-of-
concept field trials to determine whether chimneys can induce air 
flow in natural burrows via stack and wind-assisted buoyancy ef-
fects. We then quantified stack and wind-assisted bouyancy effects 
by using a wind tunnel and burrow models to test whether choices 
regarding chimney height, chimney orientation, and subterranean 
burrow angle have significant effects on ventilation rates. We fi-
nally developed a model equation to predict airflow based on a 
combination of  endogenous and exogenous factors and compare 
model predictions to measurements from natural burrows.

MATERIALS AND METHODS

Proof-of-concept field trial

To provide preliminary insight as to the influence of  stack and 
wind-assisted buoyancy ventilation effects on burrow air move-
ment, we selected two representative burrows of  Lacunicambarus 
dalyae Glon, Williams & Loughman, 2019 at the South Auburn 
Fisheries Research Station (SAFRS), Auburn University, Auburn, 
AL, USA in March 2017. One burrow had two entries, one had 
four entries, and both burrows had a chimney on one entry and 
none on the other(s). We measured air temperature 5  cm below 
the surface of  non-chimney entries and 5 cm below the apex of  
the chimney. For air flow visualization, smoke emitters (model 
S102; Regin, Oxford, CT, USA) were ignited and placed near 

Figure 1. Cast of  relatively simple crayfish burrow illustrating chimney 
and chimney-less entries and burrow branches. Potential engineering 
choices crayfishes face when constructing a chimney include chimney 
height, which entry(s) to construct the chimney over, and orientation to-
wards the prevailing wind direction.
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a single, non-chimney opening for each burrow. The chimney 
was observed and video-recorded to document whether smoke 
was pulled down the non-chimney opening, passing through the 
burrow, and emerging through the chimney. For the four-entry 
burrow, we repeated the smoke-bomb test after the chimney had 
been removed to determine whether smoke still traveled through 
the burrow in the absence of  a chimney. We then sprayed ex-
panding polyurethane foam sealant (Great Stuff™ Gaps and 
Cracks; Dow Chemical, Midland, MI, USA) into the burrow, al-
lowed it to set overnight, and excavated the resulting cast in order 
to determine if  all four entries were connected and to obtain di-
mensions of  the burrow above the groundwater line.

Wind-tunnel trials

To examine relationships between burrow ventilation rates and 
chimney height, location, and wind speed, artificial burrows and 
chimneys were constructed in an experimental wind tunnel at the 
National Poultry Technology Center (NPTC), Auburn University 
(Fig. 2). We constructed a Y-shaped burrow model from 2.54 cm 
(1.0 in) diameter, clear, polyvinyl chloride (PVC) pipe and fittings 
that consisted of  a 22.86 cm (9 in) vertical arm and a 30.48 cm 
(12 in) angled arm with a 15.24 cm (6 in) stem below the joint (Fig. 
2). The wind tunnel consisted of  three 0.6 × 0.6 × 2.4 m sections: 
an open-ended section with a flow straightener, followed by an ex-
perimental section equipped with a LEXAN™ window for viewing 
and interior access, followed by a final section equipped with a 
12-volt fan that drew air through the entire tunnel (Supplementary 
material Figure S1. Tunnel wind velocities were measured using an 
anemometer (VeloCicalc® air velocity meter; TSI Inc., Shoreview, 
MN, USA) inserted through small holes in the vertical side of  the 
wind tunnel, downwind of  the LEXAN™ window.

Placement holes were drilled in the bottom of  the experimental 
section to allow for insertion of  the burrow model in multiple 
positions relative to wind direction (Fig. 3A–C). The collar and 

elbow at the ends of  the two burrow entrances were flush against 
the bottom of  the wind tunnel and held in place using laboratory 
ring stands and test tube clamps (Supplementary material Fig. S1). 
One of  several artificial chimneys of  varying heights was placed 
on the collar for a given run. Each chimney was made from 
2.54 cm inside diameter PVC pipe wrapped in modeling clay, with 
a tapered external diameter increasing from top to bottom (Fig. 
2). Pieces of  turfgrass-sod (Auburn University Turfgrass Research 
Unit, Auburn, AL) were placed in the bottom of  the wind tunnel 
around the base of  the artificial chimney and the burrow hole in 
order to simulate vegetation in the field (Supplementary material 
Fig. S1).

To determine the effect of  chimney orientation on burrow ven-
tilation rates, we rotated the chimney opening in three positions 
relative to the non-chimney opening: upwind, perpendicular, and 
downwind (Fig. 3A–C). At each position we measured air velocity 
exiting the burrows with a VeloCicalc® air velocity meter inserted 
through a small hole beneath the chimney collar, and sealed with 
modeling clay. Air-velocity measurements were taken at 13 wind 
velocities ranging from 0 to 5 m–s. Chimney height was held 
constant at 20 cm. Air temperature and barometric pressure were 
recorded for all trials. Relationships between wind velocity and 
chimney air velocity for each chimney orientation scenario were 
described with simple linear regressions. To test for differences in 
chimney air velocity among the three chimney orientations (up-
wind, downwind, perpendicular), we used a one-way repeated 
measures analysis of  variance (rANOVA) with chimney air vel-
ocity as a response variable and chimney orientation as a grouping 
variable.

To determine the effect of  tunnel angle on chimney air vel-
ocity we moved the artificial chimney (height 20  cm) from the 
top of  the vertical tunnel to the top of  the angled tunnel and 
measured chimney air velocity at the same 13 wind velocities. 
Chimney and chimney-less openings were kept in the perpen-
dicular orientation. Relationships between wind velocity and 

Figure 2. Artificial burrow and chimney used for wind-tunnel trials. The experimental section of  the wind-tunnel floor contained multiple entry holes. 
Artifical burrow and chimney could be adjusted so that the chimney was upwind or downwind of  the chimney-less opening, or so that the chimney to 
chimney-less entry axis was perpendicular to the wind direction. Turfgrass covered the entire wind-tunnel floor. A small piece of  aluminum foil was placed 
near the chimney-less hole to prevent burns from smoke bomb.
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chimney air velocity for the two tunnel angle scenarios (vertical, 
angled) were described with simple linear regressions. We tested 
for effects of  tunnel angle using one-way rANOVA with chimney 
air velocity as a response variable and tunnel angle as a grouping 
variable.

To determine the effect of  chimney height on chimney air vel-
ocity, we tested five artificial chimneys of  0, 13, 20, 28, and 43 cm 
(0, 5, 8, 11, 17 in) height with an inner diameter of  2.54  cm. 
These heights encompassed the range of  chimney sizes that we 
had observed over the past several years in disturbed and undis-
turbed habitat (JAS et al., unpublished data). Wind-velocity range 
was the same as for the previous experiment (0–5 m−s). For these 
trials, chimney and chimney-less openings were kept in the per-
pendicular orientation and chimneys were placed on the top of  the 
vertical tunnel. Relationships between wind velocity and burrow 
air-exit velocity of  the burrow with different chimney heights were 
described with simple linear regressions. As air-velocity data for 
chimney height trials did not meet assumptions of  normality, we 

tested for effects of  chimney height on chimney air velocity using 
Friedman’s test (non-parametric repeated measures ANOVA).

We used a stepwise multiple polynomial regression analysis to 
examine the relative importance of  four explanatory variables 
(wind velocity, chimney height, barometric pressure, and ambient 
air temperature) on chimney air velocity. Results were then used 
to develop a final model to predict chimney air velocity based on 
relevant explanatory variables. Two interactive, self-explanatory 
Microsoft Excel spreadsheet-based calculator files were developed 
to perform the chimney air velocity predictive model. The inter-
active calculator files are publicly available at https://github.com/
Hisham-Abdelrahman/Chimney.

Validation of  wind-tunnel trials

To validate the predictions of  our model developed from the 
wind-tunnel trials, we located and tested one natural burrow of  
Lacunicambarus dalyae at SAFRS in August 2018 and four additional 
burrows in March 2019. Chimney heights were initially measured 
in inches and converted to cm (range5.0–17.8 cm). A small hole was 
drilled into the base of  each chimney and the air-velocity meter was 
gently inserted through the hole (Supplementary material Fig. S3). 
A  fan was placed at various distances from the chimney to obtain 
wind velocities of  1.0, 2.0, 2.9, and 4.1 m−s across the top of  the 
chimney. The chimney and chimney-less openings were perpen-
dicular relative to wind direction. Air velocity in the burrow at the 
base of  the chimney was measured at each wind velocity. A paired-
samples t-test was initially conducted to compare predicted and 
observed wind velocities for each unique chimney wind-speed com-
bination. Because the data failed the normality test (Shapiro-Wilk; 
P  <  0.050), we re-analyzed the data using a Wilcoxin matched 
pairs signed rank test. We also calculated the percent of  the ob-
served chimney air velocity that was predicted by the model by 
dividing each predicted value by its associated observed value and 
multiplying by 100. Because our model was limited to a tempera-
ture range of  only 26.8–28.2 °C, we used a mean temperature of  
27.5 °C to generate model predictions.

Statistical significance was set at P < 0.05 for all analyses, and 
all data were presented as the mean ± standard error of  the 
mean (SEM). Analyses were performed with SAS® version 9.4 
(SAS, 2013) and SigmaPlot 13.0 (Systat Software, Inc., San Jose, 
CA, USA).

RESULTS

Proof-of-concept field trial

The chimney of  the first burrow was 9 cm in height with a 2 cm 
diameter entry hole and an inner temperature of  23.0  °C. The 
non-chimney entry was also 2 cm in diameter but had a cooler tem-
perature of  19.7 °C. The chimney of  the second burrow was 12 cm 
in height with a 4 cm diameter entry hole and an inner temperature 
of  25.0  °C. The diameters of  the non-chimney entry holes were 
also 4  cm and the inner temperature of  the entry that the smoke 
bomb was placed beside was 17.7 °C. For both burrows, smoke was 
rapidly drawn down the non-chimney entry and exited the chimney. 
Smoke appeared to be drawn through the burrows most strongly 
when wind gusts were present. Smoke was no longer drawn through 
the burrow when we removed the chimney from the second burrow 
(Fig. 4). A cast of  the second burrow showed that smoke had been 
drawn ~0.5 m underground before it rose back up again and exited 
from the chimney (Supplementary material Fig. S2).

Wind-tunnel trials

During all wind-tunnel trials the air temperature (N  =  15) 
range was 24.70–28.50  °C (27.39  ± 0.23  °C) and barometric 
pressure range was 763.52–768.10  mmHg (765.66  mmHg ± 

Figure 3. Schematic of  various wind direction scenarios associated with 
burrow entries with and without chimneys. Scenarios include chimney 
downwind (A), chimney upwind (B), and chimney/chimney-less entries per-
pendicular to wind (C). A PVC burrow was mounted below the wind-tunnel 
for each scenario.
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0.42  mmHg). There were strong positive relationships between 
chimney air velocity and wind velocity (P < 0.001 and R2 > 0.98 
for all three chimneys; Fig. 5A). There were no differences, how-
ever, in chimney orientation on air velocity exiting the chimney 

(rANOVA: F2,45 = 0.40, P = 0.6758). Similarly, there was a strong 
positive relationship between chimney air velocity and wind vel-
ocity when the chimney was on the angled tunnel and on the ver-
tical tunnel (P < 0.001, R2 = 0.99 for both; Fig. 5B). There was no 

Figure 4. Smoke emitter was placed near chimney-less entry (lower left) on a breezy day. Some of  the smoke was drawn ~0.5 m underground before exiting 
from the chimney (A). No smoke was drawn through burrow when chimney was removed from second opening (B). See Supplementary material Figure 2 for 
picture of  underground burrow cast.

Figure 5. Relationships between wind velocity and chimney air velocity when the chimney was upwind, perpendicular to, and downwind of  the chimney-
less opening (A), and the chimney was on either the angled tunnel or on the vertical tunnel and perpendicular to the chimney-less opening (B).
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difference, however, in chimney air velocities when the chimney 
was on the angled or straight tunnel (rANOVA: F1,11  =  0.01, 
P = 0.9294).

There was a significant, positive effect of  chimney height on 
chimney air velocity (Friedman’s test: χ2

(4)  =  57.57, P  <  0.0001). 
Particularly, when chimney height was 0 (absent), there was no 
relationship between chimney air velocity and wind velocity, 
and when chimneys were present, there was a significant, posi-
tive relationship between chimney air velocity and wind velocity 
(P  <  0.001, R2 > 0.98 for all chimney heights > 0  cm; Fig. 6). 
Slopes of  these relationships increased with chimney height (Fig. 
6).

Multiple polynomial regression modeling considering chimney 
air velocity as the response variable and wind velocity, chimney 
height, temperature, and barometric pressure as explanatory 
variables showed no significant effect of  barometric pressure 
(t(1)  =  1.11, P  =  0.8459). After removing this variable from the 
model, wind velocity explained 80%, chimney height explained 
an additional 13%, and air temperature explained a further 
0.3% of  the variation in chimney air velocity (Table 1; adjusted 
R2 = 0.94, F5,109 = 330.13, P < 0.0001). Model residuals were truly 
random and normally distributed (Shapiro-Wilk test: W  =  0.98, 
P = 0.1019).

Field validation of  wind-tunnel trials

Chimney heights of  the natural burrows ranged 7.5–17.8  cm. 
Entry diameters at the base of  each chimney were larger than that 
of  the model chimney (2.54 cm) and ranged 3.3–3.5 cm. Chimney 
air velocities of  natural burrows were significantly higher than 
model predictions at wind velocities ranging from 1.0 to 4.1 m–s 
(z = –2.837, P = 0.003). Predicted velocities from the wind-tunnel 
model averaged 85% (± 0.05%) of  the corresponding observed 
velocities in the natural burrows (Fig. 7).

DISCUSSION

We provide qualitative and quantitative evidence that crayfish 
chimneys can directly influence ventilation dynamics in associ-
ated burrows through stack and wind-assisted bouyancy effects. 
Further, we show that the placement of  chimneys in relation to 
chimney-less entries and prevailing wind patterns have little effect; 
however, chimney height and wind velocity interact to influence 
burrow ventilation. Together, these data suggest that constructed 
chimneys facilitate efficient burrow ventilation and possibly respir-
ation of  the resident individual, and along with the burrow itself, 
may operate as an organ of  “extended physiology” (sensu Turner, 
2000) for burrowing crayfish species.

Although it has long been suggested that chimneys are not 
simply a passive byproduct of  digging (Abbott, 1884), the fac-
tors that stimulate chimney construction and the purpose that 
chimneys serve appear to be elusive. Some studies suggest that 
chimney construction is stimulated by abiotic factors such as 
soil moisture and distance from the water surface (Grow, 1981; 
Barbaresi et al., 2004), while others provide evidence that chim-
neys may be constructed to enhance social attraction of  con-
specifics (Trepanier & Dunham, 1999; Punzalan et  al., 2001; 
Clay et  al., 2017). Our results provide evidence that chimneys 
also serve as a potential mechanism to ventilate burrows, as 
initially proposed by Hobbs (1981). This is an advantageous 
outcome of  chimney construction as burrow water is typically 
hypoxic to anoxic (Williams et  al., 1974, Grow & Merchant, 
1980; Helms et al., 2013b; Ames et al., 2015). Crayfishes are fac-
ultative air-breathers, and when exposed to hypoxic conditions, 
they will emerge from the water and ventilate with air (Taylor 
& Wheatly, 1981; McMahon & Wilkes, 1983; Henry, 1994). As 
in other crustaceans that exhibit such behavior, gas exchange 
likely occurs via diffusion of  oxygen into residual anoxic water 
on the gills (Henry, 1994). As such, retaining gill moisture as a Figure 6. Relationships between wind velocity and chimney air velocity in 

burrows with various chimney heights. In all cases, the chimney was on the 
vertical burrow branch and the chimney-chimney-less entry axis was per-
pendicular to the wind direction.

Table 1. Multiple polynomial regression model to predict chimney air 
velocity (m−s) based on wind velocity (WV; m−s), chimney height (CH; 
cm), and ambient air temperature (T; °C). The partial R2 values indi-
cate the proportion of  the variation in the chimney air velocity that can 
be explained by the addition of  the corresponding variable to the model. 
The predictor variables were listed in a decreasing order based on their 
influence on the final model. The cumulative R2 values summarizing the 
percent of  variation explained with the corresponding variable and all vari-
ables listed above it entered into the predictive model.

Variable Coefficient ± SEM t(1) P-value Partial R2 Cumulative R2

Intercept 1.40611 ± 0.7056 1.99 0.0489 - -

WV 0.11595 ± 0.0297 3.90 0.0002 0.8006 0.8006

CH 0.00603 ± 0.0026 2.31 0.0230 0.1280 0.9286

T -0.05623 ± 0.0255 -2.20 0.0299 0.0028 0.9314

WV2 0.01825 ± 0.0055 3.32 0.0012 0.0068 0.9382

CH2 0.00011396 ± 0.0001 2.15 0.0342 0.0026 0.9408

Figure 7. Relationship between observed and predicted chimney air vel-
ocities for five natural burrows at four wind velocities (1.0, 2.0, 2.9, and 4.1 
m−s). Wind velocities in the field were generated via a fan. Dotted line repre-
sents a 1:1 relationship between predicted and observed velocities.
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diffusion medium while accessing a reliable source of  atmos-
pheric oxygen is critical for a crustacean in a hypoxic aquatic 
environment. Based on our results, chimneys can serve as a 
mechanism for providing a source of  atmospheric oxygen in 
the presence of  burrow water. Periodic construction/mainten-
ance of  chimneys may thus help aerate burrows and reduce 
hypoxic stress.

Factors affecting burrow ventilation

Ventilation afforded by chimneys was affected by a range of  ex-
ogenous and endogenous factors. Wind effects were particularly 
strong, with ventilation increasing with wind velocity when chim-
neys were present, but not when chimneys were absent. Further, 
we also observed temperature differentials in the field between 
connected burrow entries with and without chimneys, suggesting 
chimneys can generate stack effects. Temperature differentials be-
tween burrow entrances resulting from the presence of  a chimney 
may thus assume particular importance in maintaining ventila-
tion when wind velocities are low. In the presence of  wind, am-
bient air temperature may also be important as we found that 
minor changes in ambient air temperature (i.e., 27–28  °C) had 
a significant effect on ventilation rates. Wind conditions and air 
temperature have therefore a strong synergistic effect on burrow 
ventilation.

Similar to exogenous effects, some engineering decisions made 
by crayfishes when constructing their burrows appear to produce 
strong, endogenous effects on ventilation rates. When crayfishes 
construct burrows, there is considerable variability as to which, if  
any, entries are topped with a chimney (Thoma & Armitage, 2008; 
Miller et al., 2014). The presence of  a chimney in our trials was a 
requirement for strong ventilation, as indicated by the minimal air 
velocities exiting burrows with chimney removal in the field and 
wind-tunnel trials. Likewise, chimney height had a strong effect 
on ventilation rate. The entry on which a chimney was located 
appeared to be of  little importance as ventilation was not signifi-
cantly affected by wind direction relative to chimney location, nor 
by the angle of  the entry with a chimney compared to that of  
the chimney-less burrow. These data suggest that, like the burrows 
of  other taxa, crayfish-burrow ventilation is buoyancy-driven and 
occurs via stack and wind-assisted bouyancy effects (Vogel et  al., 
1973; Vogel, 1978; Ganot et al., 2012).

Energetic return of  chimney construction

Energetic costs associated with burrow and chimney construc-
tion have long been documented in many burrowing taxa (Trevor, 
1978) but are poorly known for crayfishes. Chimney construc-
tion almost certainly incurs energetic costs as crayfishes excavate 
burrow sediments, transport them to the surface, and then arrange 
them into a coherent chimney structure (Thoma & Armitage, 
2008; Helms et al., 2013b). Our results show an investment of  time 
and energy into construction of  a chimney on a single burrow en-
trance can have a significant return in terms of  increased ventila-
tion. Likewise, investing additional energy in increasing the size of  
an existing chimney can generate a payoff in terms of  increased 
burrow ventilation.

Although chimneys can function as passive ventilation systems, 
additional research is needed to determine the type and degree 
of  benefits that ventilation provides to offset any costs incurred 
by chimney construction. Chimney construction in many cray-
fishes is typically seasonal in nature, with increases in activity as-
sociated with wet soils and warming temperatures (early spring) 
and decreases associated with drier soils and cooling temperat-
ures (autumn/winter) (Acosta & Perry, 2001; Welch et  al., 2008; 
Bearden et  al. 2021). At our study site, chimneys were common 
during the cooler months and rare during the hot summer months 
(JAS, unpublished data) which we attribute to the relative ease of  

chimney construction and associated burrow enlargement during 
wetter conditions. It likely is more energetically efficient to build 
chimneys in cool temperatures with malleable material than it is 
in warm temperatures with relatively hardened material. It is also 
possible that increased ventilation could increase the risk of  des-
iccation as high-humidity air exits burrow chimneys, particularly 
when groundwater levels are low. The degree to which seasonal 
soil and temperature conditions interact with the ventilation bene-
fits associated with wind and burrow-opening temperature differ-
entials in explaining the seasonality of  chimney building remains 
to be explained.

Ventilation and signaling

There is evidence that chimneys serve as a type of  communica-
tion to conspecifics, with the cues being chemical, rather than 
visual (Trepanier & Dunham, 1999; Punzalan et al., 2001; Helms 
et al., 2013a; Clay et al., 2017). Several studies have provided evi-
dence that chemical cues associated with chimneys are detectable 
by conspecifics traveling over land, and that crayfishes have the 
ability to discriminate species-specific cues. Presumably, as in their 
aquatic counterparts, these chemical cues of  burrowing crayfishes 
are associated with pheromones in urine and become associated 
with chimneys through manipulation of  mud to form character-
istic chimney pellets (Breithaupt & Eger, 2002; Clay et  al., 2017). 
Such communication has profound implications for habitat se-
lection, recruitment, mate attraction, and ultimately population 
viability (Trepanier & Dunham, 1999; Clay et  al., 2017). In the 
context of  burrow ventilation, air flow entering the burrow and 
exiting out the chimney could serve as an efficient means of  signal 
transport to nearby crayfish, whether at the surface or in down-
wind burrows. Burrow ventilation may not always be beneficial to 
the crayfish occupant as it is possible that chemical cues produced 
by burrow inhabitants may attract predators. In this case, expul-
sion of  chemical cues via a chimney would be highly detrimental 
to the inhabitant. Chimneys are often constructed and subse-
quently plugged with a mud pellet (Miller et al., 2014). Excavation 
of  L.  dalyae burrows at our study site revealed that burrows of  
freshly molted individuals had been plugged. Chimneys may ini-
tially provide a benefit for the inhabitant but become detrimental 
if  left unplugged while the inhabitants are vulnerable to predation 
and cannibalism. Molting crayfishes in aquatic ecosystems release 
chemical cues that are detectable by conspecifics, presumably 
leading to cannibalism (Adams & Moore, 2003). The potential 
relationship between burrow ventilation via chimneys and terres-
trial signal transport dynamics in crayfishes is deserving of  further 
investigation.

The development of  a predictive model based on wind-tunnel 
trials and its application in estimating ventilation rates of  natural 
burrows is promising. The predictive model nevertheless under-
estimated true air flow by an average of  15% in natural burrows 
that differed from assumed conditions such as burrow diameter 
and ambient air temperature. Additional studies investigating ef-
fects of  burrow diameter, branch length and/or number, and 
a wide range of  air temperatures would be of  great value in 
improving our understanding of  burrow ventilation. Whether 
this or similar model tools can be applied to other crayfishes with 
different burrow morphologies and/or inhabiting different envir-
onments with different soil and external conditions, as well as its 
application to crayfish conservation and management, has yet to 
be explored.

It is clear that chimneys can serve as passive ventilation sys-
tems for crayfish burrows, with chimney height and wind vel-
ocity having particularly strong effects on air flow through 
the burrow. The costs and benefits associated with ventila-
tion and chimney construction, however, are still speculative. 
Investigations of  habitat engineering and environmental con-
trol by crayfishes should comprise a very productive line of  

D
ow

nloaded from
 https://academ

ic.oup.com
/jcb/article/41/3/ruab045/6366052 by Auburn U

niversity user on 09 Septem
ber 2021



STOECKEL ET AL.

8

research, greatly increasing knowledge of  ecology and con-
servation of  crayfish and associated burrow communities in 
semiterrestrial habitats.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean 
Biology online.

Figure S1. Illustration of  the wind-tunnel, chimney, and artifi-
cial burrows used in experiments.

Figure S2. Underground cast of  natural “proof-of-concept 
burrow” illustrating path of  smoke drawn underground and 
exiting through the chimney.

Figure S3. Illustration of  one of  the natural burrows used for 
validation of  wind-tunnel model predictions.
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