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ARTICLEINFO ABSTRACT

Eeywords: Onwer geologic timezcales, forests hawve intercepted precipitation and thereby modified the intenzity, duration, and
Forest biocignature spatial patterns of water fluxes to forest zoils. Acrosz a range of environmental conditions, persistent focuszed
Stemflove water flows can dissolve carbonate substrates, and form comical dissolution featres—termed “dissolution
Dm]::x cones.” These cones generally fill with soilz, becoming localized soil (and water) rezervoirs occupied by vege-
Cark m@mtion. A myriad of mechanizms are hypothesized to hawe formed dizsolution cones. Prior work has zought to

explain co-located palm trees and modem dizzolution cones in tropical unconsolidated carbonates az the result of
the chemical acton of weakly acidic stemflow funneled by palm canopies down their stems, and into the sub-
srate. Using a gecchemical modeling program, PHREBQC, we find that for a range of environmental conditons
and favorable azmumptionz, stemflow iz unable to dizsolve a benchmark wolume of carbonate substrate that
typifies mopical dissolution cones. Therefore, dissolution cone formation by abiotic dizzolotion from stemflow

funneling is unlikely to be the chief geomorphic process. Further hypotheses to be tested are dizeussed.

For the past 400 million years, foreste have played key regulatory
roles in the Barth's climate system (Bonan, 2008). Understanding
spatictemporal patterns of forest cover over deep time 15, therefore,
valuable to the reconstruction of past climates and biogeochemical cy-
cles, and may improve our understanding of long-term climate change
effects (Petit ot al, 2008; Delong =t al, 2021]). One role that forests play
the atmosphere and soil. Thus, forest-water-soil interactions over an
ecosystem’s (or individual tree's) Lifetime can leave chemical and phye-
ical evidence of ancient forests in the sedimentary rock record.

To reach the forest soill, precipitation (and condensation) must pazss
through the plant canopy—one of these "hydrologic highways" through
the canopy iz drainage down plant steme, or stemflow (Van Stan et al |
2021). Stemflow from trees can result in spatially concentrated water
fluxes at the stem base, where 0.01 to 25% of rainfall over the canopy
area can be Input over 10 ? to 10! mznfsn.ilsurfa{:car:ap:rtm:
(Sadeghi et al | 2020; Van Stan and Allen, 2020). Owver a trec’s Lifetime,
which without significant disturbance may be hundreds to thousands of
years (Tomlineon and Huggett, 201 2), cumulative stemflow can persis-
tently focus water flows to soils at the base of the plant. Az persistent,
focused waterflows can dissolve unconsolidated carbonate substrates,
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forming “dizsolubion cones™ or “dissolution pipes" (Fig. 1), it has been
hypothesized that a tree's lifetime stemflow production can generate
these, features, beginning with Herwitz (1293, whose objective was “to
consider the hypothesiz that the soil-filled pipes of Bermuda are the
product of larse volumes of acidic stemflow drainage from long-lived
indigenous trees”. Of these long-lived woody plants, tropical palms
were of particular interest due to their stemflow being “the most
chemically altered” (1e., having high ion concentrations), “the most
acudic” (pH = 4.3—4.9) (per Herwitz, 1 993), and generally being a higher
fraction of rainfall across their canopies than other kindes of large woody
plantz (Van Stan and Gordon, 2018; Sadeghi <t al, 2020). Thercfore,
dissolution cones in the sedimentary record could be interpreted as trace
evidence for the former presence of an ancient forest. This study and itz
titular finding, that “stemflow influences the formation of solution
pipes,” has been incorporated throughout research on this topic,
including comprehensive reviews (Grimes, 2009; De Waele et al | 201 1;
Lipar et al, 2021

Dissolution cones have been hypothesized to have their genesiz in
several other mechamiemes (Ford and Williames, 2007), besides stemflow
alone. The concentration of water flows through seils may form without
stemflow. For example, az wetting fronts from other hydrologic fluxes
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Flg. 1. Image of (A) mulbple woody plants occupying a conical surface depression. Vegetation (B) with vertical roots oecupying dissolution features. Bazal (C) and
top (D) exposure of dissolition closely zpaced dissolution cones. These images were collected on Eleuthera Izland and are courtesy of David Mohrig (UT Austin).

infiltrate through karst subetrates, they can produce systematic flow
instabihities alin to “finger flows" that may result in locahzed dissolu-
tion (Lipar =t al, 2015; Szymezak et al, 2015). The soal-bedrock mter-
face will also likely play a role in spatially concentrating draining soil
waters to low pointz, or drain holes, along thiz interface (Le., growing
dizsolution cones). These, and other karst features, may have their origin
during the very formation of the karst substrate iteelf, being dissolved
from the soft, poorly-cemented sediments that eventually hardened to
form the karst (Grimes, 2006). “Syngenetic” karst features are especially
prevalent in limestones formed from dune calearenites (Grimes, 2006).
Theoretically, it 15 most probable that a number of these processes
contribute together, in varnious degrees, to the genesie and development
of dizsolution cones. Indeed, landforms are typically chaped from a va-
ricty of competing mechanisms operating at various intensities and
timescales.

In thiz study, to test the feambility of ablotic cone dizsolution by
stemflow-soureed near-stem infiltration (Herwitz, 1993), we expand on
a previous minimalistic model of cone formation (Lipar =t al, 202]1]) to
simulate hypothetical amounts of water required to equilibrate with
atmospheric CO5 and porous calecium carbonates (e.z., unconsolidated
deposite or a weakly cemented calearenite) to dizsolve a cone of a fixed
volume. However, soil formation iz likely to entail the release of root and

cases, total acidity can exeeed free atmosphere equilibrium due to soil
respiration by up to 300 times (e.g., Ford and Williams, 2007; Hashi-
moto et al | 2004). Although soil formation would likely release many
weak organic acids, we choose to vastly simplify and conceptualize this
syetem of weak acids as a hypothetical range of partial pressures of CO2
(Pgp,)- Thus, in cur simulations, we expand the scope of the original
stemflow-dissolution cone hypothesis to include a range of Pop bevond
reazonable atmosphenie values. Furthermore, stemflow along low lying
carbonate platforms could represent a wide range of chemical concen-
tratione: (i) relatively free of dizsolved solids, (1) possibly enriched with
solutes from sea spray, or (11) during vigorous storm activity, efectively
seawater. Thus, we include two end member imitial solutions: 1) pure
water and 11) an approximation of average seawater.

Previously, Lipar =t al. (202]) assumed that subglacial meltwaters
CO; to achieve caleite saturation at a temperature of 0°C (60 mg LY,
Plummer and Busenberg (1952]). This disselved mass of CaCO4 can then
be converted into a dissolved volume by knowing the density of caleite
(Pcacpa) and assuming a bed porosity (). Following Lipar et al (2021,
we zolve for the minimum mass of weakly acidiec water required to enter,
equilibrate, and drain to form a dissolution cone of a reference volume of
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Table 1

Concentrations of major ionz typical of seawater
composition are given by Riley and Chester (1971) and
reparted in ppm by Spencer and Hardie (19900,
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member initial solution conditions are carried forward to give concep-
tual bounds on the total amount of equilibrated water required to
generate a reasonably sized dissolution cone: pure water and seawater.

lan Cancentration {ppm) PHREEQC, spanning 10 values of specified Pogs (107 to 1 atm) and 10°
Nt 10,800 values of epecified temperature (07 to 40 “C). In each caze, the simula-
' 407 tion was allowed to equilibrate with pure caleite and the “phreeqe dat™
Ca™* 413 database was used. In batch simulation, all PHREEQC input file con-
Mg™ 1266 centrations were entered as parts per million (ppm) concentrations.
g,_ ki Firstly, in each speciation simulation, one kilogram of pure water (pH —
HOO,~ 137 7) at specified temperature (07 to 40 “C) was allowed to equilibrate with

1 m® (Vref = lma}l,asthisvohnncdmmctuiusdimhﬁmm
thought to arses from stemflow near tropical latitudes, which have di-
ameters 0.5 m and depths between <1 m and a few meters (Lipar et al |
2021). Again, following Lipar =t al. (2021, the mass of water (myger, £)
required to infiltrate, equilibrate, and drain to remove Ve is found using,

Mrte = Voer( 1 — ) (‘fﬁ)

where ¢ iz assumed to be 0.3, pryons is the density of caleite (2.71 = 10%
gm ), and mpyroq is the mass (z) of CaCOy dissolved per kilogram of
solvent. However, caleite solubility iz a consequence of imtial solution
composition, and environmental factors, which include temperature and
Proz. Furthermore, lonic strength effects and speciation yield small
changes In My which cannot be ignored, as thiz quantity iz effee-
tively extrapolated to find a hypothetical masz of water required for
cone formation (M) To account for lonie strength effects, speciation,
and survey a broad range of temperature-Popgeonditions, meoaons 1=
approximated using the capabilities of the computer program PHREEQC
Ver. 3.7.0-15,749 using the “phreege.dat” database (Parkhurst and
Appelo, 2013).

modify activity coefficients, possibly introduce common ions, and
therefore result in different amounts of caleite dissolution, two end-

caleite at a specified Prys(10 ol atm), forming carbonic acid, a weal,
polyprotic acid capable of dissolving carbonate materials. Secondly,
equilibrium speciation of the same chemical system i performed across
the same temperature-Poos space using an initial composition of
seawater (Table 1), and an assumed mmitial pH of 8.22 (MNordstrom =t al |
1979).

The first sct of epeciation simulations using initially freshwater (pH
= 7, no dissolved material) vielded intuitive results. Equilibrated solu-
tions with the warmest temperatures and lowest Pogsvalues have the
highest pH (Fiz. 2A), lowest amounts of dissolved CaCOy (mpopona,
Fiz. 2B}, and consequently require the greatest amounts of equilibrated
water (Fig. 2C) to dissolve the benchmark cone volume: 1 mgucfpurmm
carbonate material. Oppositely, solutions with the lowest temperatures
and highest Popovalues are the most acidic (Fiz. 2A), have the highest
dissolved carbonate mass (mpygona, Fizo 2B), and represent a minimum
mass of equilibrated water to dissolve a benchmark cone volume
(Fig. 2C). For the range of speciation simulstions featured in Fig. 2A-C,
Poppexerts a visibly larger control on equilibrium pH and mpymns, as
contoured changes in dissolved CaCO4 plot as steeply sloped contours,
that indicate only minor decreases in dizsolved caleite with inereaszing
temperature. However, in the second batch of simulations (Fiz. 2D-F),
the imitial composition of the water was altered to approximate average
seawater but included a survey of the same temperature-Prgs condi-
tions. Because the hypothetical seawater composition 1= at saturation
with recent concentrations of atmospheric CO5, only solutions with
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Flg. 2. Numerical speciation results for (A-C) pure water and (D-F) average seawater (for compasition see Table 1) equilibrating with a constant Poog and CaC0s ata
given temperature *C). A/D) Equilibrium pH as a function of temperature and Fpy. B/E) Mass of CaC0. dizsolved az a function of temperature and Py, Note that
panel (E) iz the change in mazz of CaC0; dissolved in seawater (not including initial concentration). C) Kilograms of equilibrated water and F) seawater required to
dissolve the benchmark cone volume (vrer = 1 m®). Black dashed contour in (C) indicates Ihemnmulm::l{}?kgHzD. Negative values in (E) plot to the left of the

bold infinite contour (labeled ‘INF’) in (F).
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Flg. 3. Conceptual model showing (A)
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values of Popsthat exeesd reasonable historical atmospheric concentra-
tionz are able to dissoclve the carbonate substrate (Fiz. ZE,F), and
therefore generate a dizsolution cone. Thus, results from both solution
end members (freshwater and seawater) indicate that stemflow alone,
over the ifetime of a tree, 1z insufficient to generate a dissolution cone
excesding 1 m”.

Thiz conceptual model assumes that all stemflow arriving at the stem
base would infiltrate, equilibrate with the carbonate substrate, and then
drain (Fig. 3). Observations to date chow stemflow-surface interactions
can result in a broad range of hydrological cutcomes, from preferential
infiltration to runoff (Van Stan and Allen, 2020) (Fig. 3A-B). Direct
observations of stemflow runoff versus infiltration are sparse (Carlyle-
Moses et al, 2020; Allen and Van Stan, 2021); however, in the humad
tropics observations have been reported that chow much of the stemflow
arniving at the soil surface can run off as a form of Hortonian overland
flow (e.g., Herwitz, 1986). Some hypothesize that nearly all stemflow
will efficiently infiltrate along root pathwaye (Carlyle-Moszes et al |
2020); however, even the portion of stemflow that infiltrates along roots
iz unhkely to arrive at the soil-bedrock interface az a focused stream,
with no dispersion or lateral flow (Fiz. 3B). Therefore, the results of this

study represent a highly efficient system that would vastly favor diszo-
lution cone formation wia stemflow (Fiz. 3C). Howewver, despite being
heavily optimistic, the amounts of water required to generate these
dizsolution features iz 10°-10° kg of stemflow over the lifetime of a tree.
This iz orders of magmitude greater than the lifetime amount of stem flow
generated by individual palme in past studies where this mechanizm has
been hypothesized. Palme, per observations to date, tend to produce
greater stemflow fractions (5 to 10% of rainfall) compared to other trees
(<2%) (Van Stan and Gordon, 2018; Sadeghi et al, 2020), vet it 15 un-
likely that individual palms would generate enough stemflow in their
lifetimes. Herwitz (1993) resulte suggest the fraction of stemflow from
Sabal bermudiana 1= 2 to 3% of gross rainfall; however, palm stemflow
fractions have been reported to be 2 to 5 imes higher eleewhere (~5 to
1086; Germer et al, 201 2; Sadeghi et al, 2020). To be as favorable as
poszible, one can assume that an individual palm generates stemflow
from 5 to 10% of the mean annual rainfall of Bermuda (1 400 mm) across
a 10 m” projected canopy area. Should this individual palm live 200 to
300 years, this would result in 140,000 to 420,000 L tree Lifetime ™. OF
course, most palms hikely live shorter lifespans due to various human
and environmental disturbanees, particularly along tropical coastlines
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where they can represent the first terrestrial vegetation to attenuate
tropical wind and storm surges (Frangi and Luge, 1998; Joseph et al,
201 2). This model alzo omitz plant transpiration and stemflow inter-
cephion, storage, and the possible evaporative loss of stemflow enroute
to the underlying dissolution cone (Fiz. 3B) (e.g., by passing through
storm-lain wrack deposits (Van Stan et al | 2020)). In either case, the
removal of water by evapotranspiration may drive mineral precipitation
and inerease the total mass of water required to form a dissclution cone.
Therefore, we reject the hypothesiz that formation of each dizsolution
feature iz solely a result of augmented infiltration sourced from the
stemflow of mdividual trees.

Several alternative hypotheses remain to be tested. (1) Dissolution
cones are unlikely to be formed from infiltration of stemflow without
help to dizssolve carbonate substrate (Huang «t al., 201 4). In this case, in
infiltrating stemflow may introduce a weak acid. Indeed, for the
extremely favorable caze of total acidity represented by 300 ATM of
Pppgat the favorable temperature of 1 °C, PHREEQC simulations
demonstrate that 3.7 % 10° kg of freshwater or 2.9 % 10° kg of average
seawater would be required to remove the benchmark cone volume.
While these values are in the range of potential stemflow output, again,
it 1= dubious to assume that such quantities of stemflow would mnfiltrate
from the stem of a single plant, become highly acidified, equilibrate, and
efficiently drain. (2) Cone growth may also hypothetically be aided by
the mechanical breakage of carbonate substrates by root growth or stress
applied by roots from gravitational or wind drag on canopies (Pawlik
etal, 2016). (3) Cones may fill with soil, act as pH refuzia, and therefore
once initiated, oceupation of dissolution cones by multiple generations
of trees may be hikely and could provide sufficient routing of weakly
acidic water to generate a dizsolution cone. Observations of closely
spaced cones (eg., Fiz. 1D) weakens the refugia hypothesiz (which
would hypothetically ereate fewer, larger cones). Still, over hundreds of
generations of shorter-lived palme, it iz possible that these trees would
benefit from using a soil filled depression and contribute many lifetimes
of stemflow. (4) Pre-exishing physical features may aid trees in cone
formation: «.g., antecedent topographic lows or pre-exishing fractures
may offer nueleation sites for initial tree cccupation. (5) The corollary
may also occur: a tree's stemflow might be responsible only for the
formation of initial, small selutional veids or tubules in the underlying
carbonates. After a tree beging a dissolution cone, it may become a zone
of preferential infiltration, and cone growth may continue with or
without tree oecupation. (6) Over geologic timescales, 1t 12 also posmible
that environmental changes due to past elimates could have substan-
tially changed interactions along the atmosphere-plant-soil contimuum.
climate (and vegetation), ezpecially in relation to rainfall rates (Thomas,
2008), which could have altered not only infiltration rates but alzo soil
production and tree coverage. Thus, although the lifetime stemflow
production of an individual tree alone does not appear adequate for
generating dissolution cones, many hypothetical research avenues (in
which stemflow may play a role) remain to be tested.
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