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Calcium carbonate and phosphorus interactions in inland waters
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Scientific Significance Statement

In many lakes, rivers, wetlands, and streams, calcium carbonate may deposit, forming permanent or temporary features like
travertine dams, suspended particles (“whiting events”), or layered microbial structures. When CaCO3 forms, it may sequester
phosphorus, a nutrient necessary for all life. However, much remains unknown about the ecological implications of this feed-
back and the extent to which it is ubiquitous across aquatic ecosystem types. This paper provides a comprehensive review of
how the formation and dissolution of CaCO3 impacts phosphorus cycling across inland water ecosystems, highlighting open
research areas.

Abstract
Phosphorus, an element essential to all life, is impacted by calcium carbonate (CaCO3) co-precipitation and dis-
solution dynamics across aquatic ecosystems. Changes to climate, hydrology, and eutrophication, coupled with
differences in terminology related to naming CaCO3-producing ecosystems (i.e., chalk, carbonate, karst, traver-
tine), point to the urgency and challenges in understanding this portion of the phosphorus cycle. Forms of
CaCO3 vary across inland aquatic ecosystems, from “whiting events” in open waters to massive travertine or
tufa formations to cemented layers on basal resources. And, across lakes, streams, and wetlands, periphyton
mats and microbialites may form in photic regions. These biogenic carbonate structures beg the question: if aer-
obic photosynthesis promotes CaCO3 precipitation, but CaCO3 precipitation sequesters P, is this a challenge or
opportunity for organisms? This review considers that question and others to better characterize this unexpect-
edly dynamic and influential portion of a major biogeochemical cycle.

Phosphorus (P) is an essential element in all life. It makes
up the backbone of DNA and cell walls, and is used in energy
transfer reactions in cells. The availability of P in the environ-
ment is often one of the extremes—there may not be enough
and it limits growth (e.g., Elser et al. 2007) or there is an

excessive amount and it causes “too much” growth, as in the
case of eutrophication (e.g., Carpenter et al. 1998; Smith and
Schindler 2009). A single P atom may be recycled numerous
times in an aquatic ecosystem, supporting higher rates of pri-
mary production than otherwise would be expected (e.g., in
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the ocean, 90% of gross primary production is supported by
local recycling of organic phosphorus, Karl 2014), particularly
in oligotrophic ecosystems (Cotner and Biddanda 2002;
Ptacnik et al. 2010). Hence, understanding it is fundamental
to understanding many ecosystem processes. Yet, phosphorus
cycling is not often reported on or studied at the same inten-
sity as its biogeochemical counterparts, carbon (C), and nitro-
gen (N) (Jaisi and Blake 2010). While P cycling is simpler than
C or N cycling in that P has only a negligible gas phase and
its redox state is primarily unchanged, unlike C and N, P
cycling may be made bewilderingly complex by its multitude
of mineral interactions (Williams and Mayer 1972; Pettersson
et al. 1988; Moore and Reddy 1994; Orihel et al. 2017).
Indeed, one aspect of P cycling that has received particularly
little attention, and the focus of this paper, is that related to
co-precipitation dynamics with calcium carbonate (CaCO3).
Other sources review phosphorus biogeochemistry more
broadly (e.g., Reddy et al. 1999; Canfield et al. 2005; Diaz
et al. 2008; Karl 2014; Duhamel et al. 2021).

Co-precipitation of P with CaCO3 can impact ecosystem
dynamics across inland aquatic ecosystems, primarily by tem-
porarily or permanently sequestering bioavailable phosphorus
(Fig. 1). Of particular interest to biologists and ecologists is
that one of the main processes resulting in CaCO3 supersatu-
ration and precipitation—photosynthesis—is a process that
itself is influenced by P availability (Elser et al. 2007). Thus, a
central research question is to understand when photosyn-
thetically induced CaCO3 co-precipitation of P leads to nega-
tive consequences for photoautotrophs. Additionally, there is
still much to learn in terms of how this interaction may
impact aquatic ecosystem management in a changing climate,
present food-web or other ecological constraints, or, given the
importance of carbonate microbialite communities through-
out much of Earth’s history (Arp et al. 2001; Allwood
et al. 2006), have influenced evolution of early earth (Toner
and Catling 2020).

In this review, I first briefly describe the importance of
studying CaCO3-producing ecosystems and the chemistry
of CaCO3 deposition and P co-precipitation. This section, and
much of the paper, is focused on the impacts of P sequestra-
tion via production of CaCO3, though the reverse process,
release of co-precipitated P due to CaCO3 dissolution, is
equally important. Far fewer studies on this release process
exist and the reader is encouraged to keep CaCO3 equilibrium
(or lack thereof!) in mind. Next, the review describes our under-
standing of ecological feedbacks related to CaCO3 deposition,
organized by ecosystem type and the process driving CaCO3 for-
mation. I begin with lakes, where this process was first described
in the pelagic zone (i.e., “whiting” events), but has been consid-
ered in the benthos, as well (e.g., in association with char-
ophytes). Then, I move to wetlands, where CaCO3 deposits are
associated with cyanobacterial and periphyton mats. Finally,
I discuss streams, where CaCO3 deposits range from primarily
abiotically driven (e.g., travertine terraces or dams) to biotically

driven (e.g., microbialites and epilithic encrustations). The
reader should remember that the types of CaCO3 deposits
described in each section are not necessarily unique to those
ecosystems—while microbialites are discussed primarily in
streams and wetlands, they are also found in lakes (e.g., Pavilion
Lake, Canada, Omelon et al. 2013; Lake Alchichica, Mexico,
Gérard et al. 2013; Great Salt Lake, USA, Pace et al. 2016). And
while whiting events of suspended CaCO3 precipitates are most
commonly associated with lakes, CaCO3 precipitation can also
occur in the water column of rivers (e.g., Ichetucknee River, Flor-
ida, USA, Cohen et al. 2013; Colorado River, Arizona, USA,
Suarez 1983). Thus, a reader new to the subject would best be
served by reviewing all sections and considering how the struc-
ture of their ecosystem(s) of interest may influence the type of
CaCO3 deposits and, ultimately, how these different forms and
the stability of those forms might influence P cycling (Figs. 1, 2).
A discussion of terms used to describe CaCO3-rich structures
and ecosystems is included in Table 1 (Text Box 1). Finally, the
review ends with a synthesis of research questions related to the
topic.

Why study carbonate-phosphorus dynamics in inland
aquatic ecosystems?

Understanding the ecological and biogeochemical conse-
quences of co-precipitation of P with CaCO3 within ecosys-
tems is important because the process is globally ubiquitous,
is culturally and industrially relevant, and may be impacted
by global environmental change. Inland water carbonate-rich
ecosystems occur on every continent (Pentecost 2005),
including Antarctica (Parker et al. 1981; Mackey et al. 2018).
Alkaline waters that could potentially precipitate CaCO3 are
abundant worldwide (Marcé et al. 2015), though alkalinity
alone does not mean precipitation will occur (Müller
et al. 2016). While studies of carbonate-rich inland aquatic
ecosystems have occurred across the globe (Fig. 3; Cor-
man 2024), many ecosystems remain unexplored. Global
maps of carbonate rocks (Goldscheider et al. 2020) or
carbonate-rich soils (Batjes 2016; Gallagher and Breecker 2020)
may help identify regions more likely to have CaCO3 pre-
cipitation/dissolution dynamics (Pentecost 2005). Carbonate-
rich or “calcifying” ecosystems are often culturally relevant
sites (reviewed in Li et al. 2020). What would Jiuzhaigou Val-
ley National Park (Sichuan, China), Plitvice Lakes National
Park (Croatia), Mammoth Springs in Yellowstone National
Park (USA), or Cascadas de Agua Azul (Chiapas, Mexico) be
without their iconic carbonate structures? Understanding
CaCO3-P interactions is also important to industrial processes.
In biotechnological applications, CaCO3 precipitation may
be suitable for metal remediation, carbon sequestration, oil
recovery, and construction recovery (Zhu and Dittrich 2016).
Similarly, precipitation of calcium-phosphorus minerals
is used in wastewater treatment to recover P (Moutin
et al. 1992). Insights from aquatic ecosystems may help make
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these industrial applications more sustainable (Bueso and
Tangney 2017).

Adding urgency to studies of CaCO3-P co-precipitation is
environmental change. Many of the hydrological or physico-
chemical conditions that influence CaCO3 equilibrium are
changing. For example, in some streams, where travertine
deposition rates are related to flow (Chen et al. 2004; Pente-
cost and Coletta 2007; Brusa and Cerabolini 2009), changing
drought frequency has shifted flow regimes such that

travertine deposition has ceased (e.g., Bogan and Lytle 2011).
And in some watersheds, soil acidification caused by and
recovery from acid precipitation, reductions in atmospheric
calcium input, and/or calcium losses from forest biomass
harvesting has decreased calcium concentrations in receiv-
ing waters (Jeziorski et al. 2008; Weyhenmeyer et al. 2019).
In other watersheds, atmospheric deposition (Ballantyne
et al. 2011) and processes related to urbanization (Effler
et al. 2012; Wu et al. 2018) have caused calcium

Fig. 1. Calcium carbonate (CaCO3) precipitation or deposition may occur in different forms and across inland aquatic ecosystem types. Each of these
forms could represent a pool of phosphorus, estimates as % dry mass are in the parenthesis. a(Pentecost 2005), b(Boström et al. 1988; Dittrich
et al. 2013); c(Borovec et al. 2010; Büttner et al. 2021), d(Rossknecht 1980; Siong and Asaeda 2006; Kufel et al. 2016; Liu et al. 2016), e(Corman
et al. 2016b), f(Rossknecht 1980; Schernewski et al. 1994; Hamilton et al. 2009; Walsh et al. 2019), g(Gaiser et al. 2004; Borovec et al. 2010). Artwork by
Fiona Martin.
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concentrations to increase. Inorganic carbon fluxes, which
often covary with calcium fluxes, may be increasing in some
aquatic ecosystems (Szramek and Walter 2004; Raymond and
Hamilton 2018), as well. Hence, ecosystems that previously
supported CaCO3 deposition may no longer and others that
never did now may.

A brief review of carbonate—Phosphate chemistry
Calcium carbonate needs favorable thermodynamic condi-

tions to form (Eq. 1). These conditions include higher calcium
concentrations, an alkaline pH, higher temperature, and the
presence of nucleation sites. The metric used to describe
the likelihood of mineral precipitation based on thermody-
namic factors is the mineral “saturation index” or SI; a SI < 0
indicates that mineral is more likely to dissolve while a SI > 0
indicates that mineral will more likely precipitate (expressed
on a logarithmic scale; Stumm and Morgan 1996). In natural
environments, chemical equilibrium alone does not indicate

precipitation: Merz-Preiß and Riding (1999) find SICaCO3 > 0.8
indicates when CaCO3 precipitation is most likely, reflecting
the complex interactions that can impact mineral formation
in lakes, wetlands, and rivers, as discussed further below.

Ca2þþ 2HCO�
3 $CaCO3þCO2þH2O ð1Þ

In inland water ecosystems, the presence of CaCO3 is often
because that ecosystem’s source water passed through a car-
bonate aquifer (or, simply, came to equilibrium with carbon-
ate minerals along groundwater flow paths). As water travels
through soils, it typically becomes enriched with carbon diox-
ide (CO2) which exists in equilibrium with carbonic acid
(H2CO3), due to interaction with soil and microbial respira-
tion and/or regional geothermal activity (Stumm and Mor-
gan 1996; Pentecost 2005). Upon flowing through the aquifer,
the acid reacts with calcareous minerals, increasing the con-
centration of dissolved Ca2+ and HCO3

�. By the time the

Fig. 2. Examples of calcium carbonate formations in aquatic ecosystems include (A) travertine dams or terraces (stream in Mato Grasso, Brazil), (B)
deposition on allochthonous material (a comparison of leaves with and without deposits), (C) biogenic carbonate structures (microbialites, Cuatro
Ciénegas, Mexico), (D) deposition on living organisms (Ranatra quadridentate [Nepidae]), (E) lake “whiting” events (Lake Kivu, Rwanda, Democratic
Republic of the Congo), and (F) benthic microbial mats (vertical cross-section of a benthic cyanobacterial mat with the bottom yellow-gray layer being
marl sediment; Belize). Photographs in panels A and C by Jessica Corman; B and D by Eric Moody; E by Jeff Schmaltz, NASA; and F by Eliška Rejm�ankov�a.
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groundwaters reach the surface, the waters will be super-
saturated with CO2. Outgassing or biological uptake of CO2

will occur, raising the pH and causing CaCO3 to become super
saturated in the water. CaCO3 can form either in the water
column or on underwater surfaces (Table 1; Fig. 2). Cell sur-
face nucleation sites, such as those provided by some photo-
autotrophs, may be necessary for CaCO3 precipitation to
occur (i.e., Dittrich et al. 2004; Dittrich and Obst 2004). When
CaCO3 precipitates on surfaces, it may form as loose,

unattached materials (e.g., microbialites, Fig. 2C), deposits on
plant materials (e.g., charophytes), or thick or thin benthic
coverings on bedrock or sediments (e.g., travertine dams or
terraces; Fig. 2A; Pentecost 2005). The review by Morse et al.
(2007) provides an excellent, detailed synopsis of the consid-
erations of CaCO3 formation and dissolution in natural envi-
ronments, though the focus is on marine systems.

Other dissolved chemical compounds may interact with
CaCO3. Of particular concern to this review is phosphorus, in
the form of orthophosphate (hereafter, “phosphate”; Fig. 1).
CaCO3 co-precipitates phosphate ions by adsorbing those
ions via surface complexation and/or forming a calcium
phosphate mineral. The former, adsorption, is thought to be
the primary process of phosphate removal by carbonates and
the latter, incorporation into the primary carbonate crystal
structure, is thought to only account for a small fraction of
the co-precipitated phosphate (Avnimelech 1980; Douglas
et al. 2004). Phosphate adsorption to calcite, as well as vaterite,
a polymorph of calcite, appears to be a multi-step process
(Freeman and Rowell 1981; Sawada et al. 1992; Millero
et al. 2001). Up to 80% of the initially adsorbed phosphate
may be released within a day (Millero et al. 2001) with decreas-
ing exchangeability through time (Freeman and Rowell 1981).
In this review, I refer to the absorption or binding of phosphate
with CaCO3 precipitation and or formation of calcium phos-
phate minerals collectively as “co-precipitation.”

The kinetics of phosphate co-precipitation with CaCO3

have been studied under a variety of conditions using artificial
and natural solutions (Kitano et al. 1978; Freeman and Row-
ell 1981; Ishikawa and Ichikuni 1981; House and Dona-
ldson 1986; Suzuki et al. 1986; House 1990), including in sewage
waste water (e.g., Plant and House 2002). Adsorption tends

Fig. 3. Map denoting studies of CaCO3-depositing aquatic ecosystems, with colors indicating where phosphorus co-precipitation studies have occurred.
Site information is available in the Supporting Information; further information on tufa sites in Europe is available through the Natura 2000 network.

Text Box 1. What is CaCO3? A brief etymology
Throughout this paper, I will refer to any number of
structures or mineral composed primarily of calcium
carbonate (CaCO3) as “calcium carbonate” (Fig. 2). This
choice is deliberate—there are many terms to describe
these structures or minerals and these terms are not
mutually exclusive (Table 1). For instance, rivers capable
of supporting CaCO3-deposition in the UK and Europe
are often referred to as “chalk” rivers (e.g., Itchen River,
UK), while similar streams in the US may be referred to
as “travertine” rivers (e.g., Little Colorado River, AZ).
Here, the difference is related to the type of limestone
in the source aquifers, but that distinction is less rele-
vant to naming the actively depositing CaCO3 within
the stream. Similarly, the CaCO3-depositing biofilms
themselves may be stromatolites, biological felt, or tufa
in streams, or marl, reef, or Seekreide, in lakes. An
emphasis on process vs. nomenclature invites the dis-
covery of generalizations across ecosystem types.
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Table 1. Review of terms used to describe CaCO3 deposits or the ecosystems depositing them.

Term Definition(s) Citation(s)

CaCO3-type structures
Biological felt (feutre biologique) Benthic, biogenic carbonate structure (French term) Freytet and Plet 1996
Balcite, aragonatie, vaterite Mineral composed of calcium carbonate
Chalk* Limestone composed mainly of fossil foraminifer shells
Marl (lake) Deposits in lake beds usually resulting from

biologically induced CaCO3 precipitation (via
photosynthesis)

Pentecost 2005

Microbialite Benthic microbial deposit† due to trapping and
binding detrital sediment and/or microbially
directed mineral precipitation, may be laminated or
unlaminated

Riding 1999; Burne and
Moore 1987

Oncolite; oncoid Unattached spherical form of calcareous stromatolites;
rounded, laminated travertine deposits

Hagele et al. 2006; Riding 2000

Ooid (marine) Spherical or ovoidal, laminated carbonate grains,
mostly marine and predominately abiotically
formed

Diaz and Eberli 2019

Reef (lake) Calcareous formation along lake margins due to
coagulation of fine planktonic particles and/or other
carbonate particles

Pentecost 2005

Seekreide Benthic, calcareous mud (German term) Kempe and Emeis 1985
Stromatolite Laminated, benthic microbial deposit† Riding 1999
Thrombolite Weakly laminated microbial deposit† Riding 2011; Aitken 1967
Travertine* Terrestrial limestone formed via chemical

precipitation, mostly around seepages, springs and
along streams and rivers, but occasionally in lakes;
sometimes defined as arising only from warm
waters (Riding 1991)

Pentecost 2005, Riding 1999

Tufa* (algal tufa, calcareous tufa) Dominantly low-magnesium deposit which developed
under ambient temperatures by biomedicine and/or
physicochemical processes; can also be analogous
with the term travertine (Trobej et al. 2017)

Pedley et al. 2003; Pentecost 2005

CaCO3-type ecosystems
Alkaline Having a pH > 7
Calcareous Containing calcium carbonate; term can describe

aquatic ecosystems that actively form calcium
carbonate

Carbonate or carbonate-rich Containing carbonates
Karst Region underlain by limestone which has been

eroded by dissolution; term can describe aquatic
ecosystems originating from these landscapes

Petrifying springs (or, limestone-
precipitating springs)

Springs which can precipitation tufa or travertine
deposits

Grootjans et al. 2021; Cantonati
et al. 2016

Terms describing CaCO3 formation
Calcification The formation of calcite; can be further distinguished

between “environmental” or “inorganic”
calcification and “biological” calcification

Krumbein 1979; Burne and
Moore 1987

Deposition† The accumulation or formation of minerals or
sediments typically on benthic or low-lying surfaces

(Continues)
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to increase with greater ionic activity of Ca2+ (Suzuki et al. 1986;
Sø et al. 2011), more basic pH (in the range of 7–9.5),
higher temperature (in the range of 5–35�C; House and
Donaldson 1986), and decreasing salinity (Millero et al. 2001).
Based on these laboratory studies, House and co-authors
proposed a geochemical model for the rate of surficial absorp-
tion capacity at 0.2 μmol m�2 (House and Donaldson 1986;
House 1990). However, interdependencies among calcite,
water, dissolved inorganic carbon equilibrium, and phosphate
render unexpected interactions in natural environments
(House 2003; Sø et al. 2011; Ba�nkowska-Sobczak et al. 2020).
For instance, at higher phosphate concentrations, CaCO3 pre-
cipitation may be impeded (Dove and Hochella 1993; Reddy
et al. 1999; Lin and Singer 2006) or calcium phosphate min-
erals, rather than CaCO3, may be thermodynamically favored
(Moutin et al. 1992; Plant and House 2002). Some microbial
communities have a tendency to form Ca phosphates in addi-
tion to CaCO3, though the reason is not well understood
(Büttner et al. 2021). The aggregation of dissolved organic
matter or colloidal and particulate phosphorus species with
calcite may also account for the association of phosphorus
with CaCO3 (Chave 1965; Küchler-Krischun and Kleiner 1990;
Koschel 1997), though these processes are likely less impor-
tant than the aforementioned co-precipitation dynamics.
The reader is directed to the excellent review in Ba�nkowska-
Sobczak et al. (2020) for more information on the chemistry
of co-precipitation.

Carbonate—Phosphate chemistry and ecological
feedbacks
In the water column—Mostly lakes, sometimes streams,
and wetlands

Calcium carbonate precipitation in lakes has long been of
interest to limnologists (Minder 1929; Küchler-Krischun and
Kleiner 1990; Fig. 2E). Much of the initial interest was related
to describing lake metabolism (Ohle 1952; Hutchinson 1957)
and inquiries into carbon cycling continue today (e.g., Stets
et al. 2009; Khan et al. 2020; Escoffier et al. 2023). Oddly, and
certainly to the detriment of our understanding of P cycling,
many scientists working on soft water lakes discounted the
role of CaCO3 in P cycling, instead focusing on iron and

sulfur as primary drivers (Boström et al. 1988; Orihel
et al. 2017). Fortunately, this view has changed. Recent work
has provided insights into CaCO3 controls on eutrophication
(e.g., Ba�nkowska-Sobczak et al. 2020), evolution of life on
Earth (e.g., Toner and Catling 2020), and the complex balance
of geochemical and hydrologic controls on biogeochemical
processes (e.g., Alvarez Cobelas and S�anchez Carrillo 2016).

Planktonic microbes
In lakes, many phytoplankton are associated with CaCO3

precipitation (Heath et al. 1995; Hartley et al. 1997). There
are two major mechanisms by which these organisms can
promote precipitation: (1) the generation of an alkaline envi-
ronment near the cell when photoautotrophs use HCO3

� in
photosynthesis and, therefore, must exchange the hydroxyl
ion (OH�) produced in HCO3

�
fixation (Thompson and Fer-

ris 1990) and (2) the cell surface (or extracellular compounds)
can act as a nucleation site (Stabel 1986; Dittrich et al. 2004).
The latter may be a particularly important role of autotrophic
picoplankton in lakes (Dittrich and Obst 2004). Indeed, Syn-
echococcus can be continually entombed within growing cal-
cite crystals (Thompson and Ferris 1990). In a study of the
Plitvice Lakes, phytoplankton living in low-nitrogen environ-
ments excreted mucopolysaccharides as a waste product, cre-
ating a “glue” that may promote carbonate deposition
(Kempe and Emeis 1985). However, extracellular polymeric
secretions (EPS) may not always promote deposition; this role
is dependent on its chemical characteristics (Dittrich and
Obst 2004).

Whiting events/pelagic precipitation
A closer look into lake ecosystems presents one of the best-

studied examples of CaCO3 precipitation and P dynamics:
“whiting” events (Fig. 2E). Whiting events, named for the
resultant milky appearance of the water column, happen due
to shifts in temperature, primary production, and the phyto-
plankton community that promote calcite formation (Hodell
et al. 1998). In large lakes like the Laurentian Great Lakes
(Lake Michigan, Erie, and Ontario) or Lake Constance, the
whiting events may be dramatic enough to be seen by satel-
lites (Strong and Eadie 1978; Pulvermüller et al. 1995). In an

Table 1. Continued

Term Definition(s) Citation(s)

(Microbial) Lithification† The net precipitation of minerals by microbial
communities through trapping and binding of
sediments and/or metabolic microbial activities

Dupraz and Visscher 2005

Precipitation† The formation of a mineral (or solid) coming out of
solution

*Terms that can also be used as adjectives to describe a CaCO3-producing ecosystem.
†Terms do not necessarily indicate CaCO3 minerals are present or dominant. For example, deposits may also be composed of silicates, high magnesium
calcites, halites, etc. (e.g., Chagas et al. 2016; Zeyen et al. 2021; Vignale et al. 2022).
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early study of whiting events and the co-precipitation mecha-
nism in lake water, Otsuki and Wetzel (1972) demonstrated
that phosphate concentrations could decrease by as much as
80% when CaCO3 precipitation is induced in lake water. Since
then, co-precipitation of phosphate with CaCO3 has been
described in a number of lakes (eg., Nagawika Lake, Robertson
et al. 2007; Lake Wallersee, Jäger and Röhrs 1990; Lake Con-
stance, Kleiner 1988; Onondaga Lake, Effler 1996; Black Lake,
Murphy et al. 1983; Lake Kinneret, Avnimelech 1983; Lake
Belau, Schernewski et al. 1994). And, even when CaCO3 pre-
cipitation is not enough to be considered a whiting event, it
may still precipitate and lead to absorption of phosphate on
seston (Gunatilaka 1982).

How effective is co-precipitation in removing P from a
water column in a lake? Answering this question is related to
understanding (1) when CaCO3 precipitation occurs, (2) how
much P is absorbed, and (3) the stability of the precipitate.
Understanding the seasonality and temporality of CaCO3 pro-
duction is necessary for predicting its impacts on P availabil-
ity. Whiting events are episodic. While some lakes, like Lake
Constance, show a trimodal pattern concomitant with multiple
peaks of phytoplankton growth (e.g., late spring, summer, and
fall; Stabel 1986), other lakes show a single annual whiting
event (e.g., late spring in Fayetteville Green Lakes, NY; Thomp-
son and Ferris 1990). When finer timescales are considered,
lakes may also show a diel pattern, with CaCO3 production
occurring during daylight when photosynthesis is occurring
(e.g., Cicerone et al. 1999). On the other hand, CaCO3 produc-
tion related to EPS production may not show a diel signal
(i.e., as in the Plitvice Lakes, Kempe and Emeis 1985), but more
research is needed to test this hypothesis.

The incorporation of P into CaCO3 seston varies, with per-
centages ranging from 0.01% to 1.0% P (Rossknecht 1980;
Schernewski et al. 1994; Fig. 1). The variability is primarily related
to the grain size of CaCO3 (Avnimelech 1980; Douglas
et al. 2004). Grain size determines the area available for surface
complexation of phosphate. Larger grain sizes will have relatively
less surface area available; hence, smaller grain sizes can lead to
greater co-precipitation rates. In a lake, conditions that support
CaCO3 supersaturation may lead to increased grain size, faster
precipitation, and less co-precipitation (Niessen and Sturm 1987;
Stabel and Chondrogianni 1988; Lotter et al. 1997). Phosphorus
co-precipitation rates are also related to P concentrations. There
is an unimodal relationship between P concentrations and co-
precipitation rates, with incorporation of P into CaCO3 being
more efficient at higher P concentrations (Danen-Louwerse
et al. 1995), but only to a point, as a strong decrease in efficiency
at higher trophic states has been identified (Koschel 1990;
Gonsiorczyk et al. 1995). The attenuation of CaCO3 precipitation
at higher P concentrations may lead to situations where CaCO3

precipitation relies on seasonal or semi-permanent reductions
of P, that is, biological uptake during the growing season (Lotter
et al. 1997) or watershed remediation efforts (Walsh et al. 2019),
respectively.

As phosphate co-precipitation can lower P concentrations
in the photic zone, it has been of great interest to
understand in relation to its potential as a negative feedback
on primary production, aka the “self-cleaning mechanism”
(Rossknecht 1980; Avnimelech 1983; Koschel et al. 1983;
Murphy et al. 1983; Kleiner 1988; Robertson et al. 2007).
While CaCO3 precipitation can substantially lower dissolved
inorganic P concentrations (as phosphate; Otsuki and
Wetzel 1972; Murphy et al. 1983; House 1990), it may also
lead to decreases of other forms of P in the water column. In
an experimental induction of a whiting event, Hamilton et al.
(2009) found a 47% reduction of TP in the water column,
about half of which was explained directly by phosphate co-
precipitation of CaCO3 (with organic P accounting for the
remainder). In some lakes, this reduction is high enough to
buffer against excessive phosphorus inputs (e.g., Robertson
et al. 2007). Yet, this reduction is conditional on CaCO3-P sta-
bility in lake sediments, a topic discussed in the next section.
Most studies that have investigated CaCO3 precipitation as a
possible in-lake mitigation strategy for improving water qual-
ity stress that the mitigation will only be effective in the long-
term if external nutrient sources are reduced or diverted
(Babin et al. 1994; Prepas et al. 2001; Walpersdorf et al. 2004;
Koschel et al. 2006).

In the aphotic benthos—Mostly lakes. A sink or
source of P?

CaCO3 and P interactions in sediments
Internal release of P from lake sediments has long been rec-

ognized as a source of P fueling primary production. The tradi-
tional view has been that this release is controlled by redox
chemistry and Fe and S cycling. In hardwater lakes, this is
likely not the case (Boström et al. 1988; Golterman 2001;
Orihel et al. 2017). And, even in soft water lakes, the presence
of Fe and S may make it difficult to distinguish carbonate—
phosphorus interactions (Kinsman-Costello et al. 2016).
Therefore, understanding CaCO3-P dynamics in lake sedi-
ments, including the scales at which diagenesis leads to long-
term P sequestration, may be key to understanding long-term
controls on the lake trophic state.

Across many lake types, CaCO3-P minerals are found in
lake sediments (e.g., Dorioz et al. 1989; de Vicente
et al. 2006). While this observation supports the importance
of CaCO3 precipitation on P cycling (Boström et al. 1988;
Golterman 2001), it begs the question: how stable is CaCO3-
bound P in lake sediments? CaCO3-bound P can be immobile
in some sediments (e.g., Lake Arreskov, Denmark; Andersen
and Ring 1999), but contribute to internal P loading in
others (e.g., Lake Simcoe, Ontario, Canada (Dittrich
et al. 2013); Lake Mendota, USA (Wentz and Lee 1969)). The
stability of CaCO3-P in sediments likely reflects the complex
interactions between phosphorus source (Penn and
Auer 1997), lake trophic status (Müller et al. 2006), sediment
stability (Andersen and Ring 1999), and timescale considered

Corman Calcium carbonate and phosphorus
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(Dittrich et al. 2013). In terms of lake trophic status, one
might predict that in more eutrophic lakes, CaCO3-P minerals
would be less stable, as changes in sediment pore water chem-
istry due to higher respiration rates would likely drive down
pH and promote CaCO3 dissolution and, therefore, P release.
However, this is not always the case (e.g., Andersen and
Ring 1999; Müller et al. 2006). In a comparison of oligotro-
phic and eutrophic lake sediment diffusion rates, calcite disso-
lution was twice as great in the oligotrophic lake, despite
lower pH values in the eutrophic lake (Müller et al. 2006). The
authors suggest that this unexpected result is because, in the
oligotrophic lake, organic matter residence time is higher,
penetration of oxygen in the sediment pore water is deeper,
and the CaCO3 crystal size is smaller (Müller et al. 2006).

It is important to note that the adsorption or incorporation
process of phosphate into CaCO3 minerals may take place
in either the water column (i.e., due to a whiting event,
as described above), and then settle into the sediments
(e.g., Penn and Auer 1997), or in the sediments, if CaCO3

minerals are actively forming there. In a study of Salton Sea
sediments, sulfate reduction—which generates bicarbonate
ions and therefore increases alkalinity and induces CaCO3

precipitation (Visscher and Stolz 2005)—removed 82–100% of
the dissolved P in the pore waters (Rodriguez et al. 2008). It is
unknown whether one process would lead to longer-term sta-
bility of sequestered P than the other. Given the role of inter-
nal P cycling in lake trophic status, and the attention it has in
lake management practices, it is imperative to better disentan-
gle water column vs. sediment CaCO3 precipitation (Orihel
et al. 2017; Markovic et al. 2019).

In the littoral zone—Plants and epiphytic carbonates
Macroalgae and vascular plants
Submerged vascular plants (e.g., Potamogeton) and

macroscropic algae of the class Charophyceae are commonly
responsible for carbonate deposition in hardwater lakes
(McConnaughey and Whelan 1997). Due to their calcite
encrustations, charophytes are commonly known as “stone-
worts” or “brittleworts.” In the process of photosynthesis,
charophytes build a calcite encrustation around their thalli,
an accumulation that may reach more than 70% of their dry
mass (Raven and Giordano 2009; Kufel et al. 2013; Pełechaty
et al. 2013). Charophytes and some vascular plant species like
Utricularia gibba and Utricularia subulata may also support the
growth of filamentous cyanobacteria that are known to pro-
mote calcite precipitation (Gaiser et al. 2011). The reader is
directed toward the review by McConnaughey and Whelan
(1997) for a more detailed review of the mechanisms of
CaCO3 precipitation on underwater surfaces of macroalgae
and vascular plants.

Carbonate precipitation associated with macrophytes may be
consequential to lake P cycling. Characterization of CaCO3

precipitates on Potamogeton confirms the presence of CaCO3

co-precipitated-P (Liu et al. 2016). In a comparison of different

charophyte species, CaCO3 co-precipitated-P accounted for
21–26% of the TP on the plant material (Kufel et al. 2013). Fur-
ther work suggests that the encrustations are redox-insensitive
and not readily bioavailable (Siong and Asaeda 2006, 2009).
Hence, these macrophyte-induced carbonates could lead to sta-
ble sequestration of P in sediments (Kufel and Kufel 2002;
Pukacz et al. 2016), but this contribution has yet to be
quantified.

Moss
Another type of non-vascular plant, moss, may interact

with CaCO3, generally by acting as a support for the growth
of CaCO3-precipitating microbial communities (Freytet and
Verrecchia 1995; Pitois et al. 2003). In a study of bare lime-
stone pavements, moss cushions increased phosphorus avail-
ability to vascular plants (Sand-Jensen and Hammer 2012).
The authors suggest that this P is derived from limestone-
bound P. It is unknown whether or not a similar mechanism
of P-liberation occurs in CaCO3-producing waters.

In the photic benthos—Wetlands, streams, and,
sometimes, lakes

Benthic, biogenic carbonate structures
Benthic microbial activity may result in complex, layered

lithified structures (e.g., stromatolites or microbialites, Fig. 2C,
or microbial mats, Fig. 2F; see Table 1 for a definition of terms)
or encrusted periphyton mats (e.g., calcareous periphyton).
Lithifying microbes are perhaps the best-studied group of
organisms in relation to carbonate structures. The reader is
directed to the many excellent reviews of microbial precipita-
tion (e.g., Burne and Moore 1987; Riding 1991; Chagas
et al. 2016), including with respect to the earliest known
microbial community fossils (Allwood et al. 2006). The focus
of this section will be on the ecological implications of CaCO3

precipitation in photic, benthic regions, drawing primarily
from wetland ecosystems, though benthic precipitation is
often important in alkaline streams and lake littoral zones
(e.g., Chagas et al. 2016; Zeyen et al. 2021).

While photosynthetic activity generally promotes CaCO3

formation, cyanobacteria (and bacteria) can promote precipi-
tation extracellularly through several mechanisms (see
Benzerara et al. 2014 for a discussion of intracellular precipita-
tion). In cyanobacterial filamentous sheaths, photosynthesis
and/or the carbon concentrating mechanism may locally
increase pH and CaCO3 supersaturation (Kah and Riding 2007;
Shiraishi et al. 2008). Microbes living in conditions where cal-
cite supersaturation already occurs may also promote precipi-
tation by providing a nucleating site for crystal formation
(Merz-Preiß and Riding 1999). In microbial mats, CaCO3

precipitation in mats (often referred to more generally in
the context of “lithification”; Table 1) may be supported by sev-
eral microbial metabolisms, including aerobic photosynthesis
or anaerobic sulfate reduction (Dupraz et al. 2009; Sun
et al. 2020), or through exo-polymeric substance (EPS) binding

Corman Calcium carbonate and phosphorus
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of calcium (Braissant et al. 2007; Sun et al. 2020). CaCO3 pre-
cipitation in microbial mats can occur even when calcite has a
low saturation index (SICaCO3 of 0.2–0.3) in the surrounding
water column (Merz 1992; Merz-Preiß and Riding 1999).

In a study of calcite precipitates in a tufa fluvial barrage-
lacustrine system (Ruidera Lakes, Spain), authors suggest that
cyanobacteria-mediated precipitation is more likely to cause
Ca-PO4 precipitates while eukaryotic-mediated precipitation
(from algae or mosses) is more likely to cause calcite precipi-
tates (Souza-Egipsy et al. 2006), leading to the formation of
either phosphorus-rich or phosphorus-poor tufa deposits, or,
more simply, higher or lower P sequestration rates. It is
unknown whether the form in which the precipitates occur
influences dissolution and diagenesis.

CaCO3 precipitation in microbial mats—A way to get
more P?

Much of what is known about CaCO3 co-precipitation of P
and benthic microbes comes from work done in the Ever-
glades, a carbonate-precipitating sub-tropical wetland ecosys-
tem. The periphyton in this region is known to rapidly take
up available P, leading to very low water column concentra-
tions of P (Noe et al. 2003; Gaiser et al. 2004). However, the P
cycling in the periphyton represents a complex exchange
between biotic and CaCO3-associated forms. First, there is a
diurnal signal related to the rates of photosynthesis and respi-
ration: in the day, CaCO3 precipitates and at night, it dis-
solves. This diurnal signal is reflected in periphyton P cycling.
Initially, much of the P is associated with the mineral fraction
(Noe et al. 2003). However, within a day, much of it turns
over into the organic pool, suggesting night time dissolution
may release P and render it available for biological uptake
(Gleason and Spackman 1974; Noe et al. 2003). Some of the
Ca-P fraction is eventually incorporated into the sediment
matrix (Reddy et al. 1993; Scinto and Reddy 2003; Gaiser
et al. 2004). Phosphorus cycling in periphyton is also related
to hydrologic events. The Everglades are subjected to wetting
and drying cycles; CaCO3 co-precipitated P is released upon
these re-wetting events (Gottlieb et al. 2005). One of the
CaCO3-precipitating cyanobacteria found in the Everglades,
Scytonema, is tolerant of P scarcity and desiccation (Marazzi
et al. 2017), suggesting that at least some microbes here may
take advantage of this release of co-precipitated P. Microbial
communities beyond those in the Everglades may also benefit
from the paradoxical increase in P availability associated with
CaCO3 deposition. While this hypothesis remains to be
tested, several lines of evidence support it.

First, some microbes prefer to colonize or grow on carbon-

ate substrates over other surfaces (Kock et al. 2006; Álvarez
and Pardo 2007; Pentecost and Whitton 2012; Trobej
et al. 2017). The reason for this association may be in part due
to nutrient availability: in a comparison of biofilm growth
across different rock and mineral surfaces, biofilm biomass
was more than 5X greater on the carbonate rocks (limestone

and dolostone) than pure calcite, suggesting microbes were
able to access nutrients in the rocks (Jones and Bennett 2014).
Hence, microbes may be able to “mine” nutrients, including
phosphorus, available in mineral or rock substrates, rendering
those microbes a competitive advantage compared to those
not able to access those nutrients.

Second, microbes in actively calcifying mats take advantage
of loosely bound P on EPS or CaCO3 (Gleason and
Spackman 1974), similar to the aforementioned observations
in the Everglades periphyton (Noe et al. 2003). In a study of
cyanobacterial mats in Belize, Borovec and co-authors (2010)
observed very little bioavailable P in the lower layers of the
mat. And, in the surficial layers, they observed a diurnal
increase of reactive, exchangeable P and of organic P,
suggesting microbial uptake of P is occurring at night when
pH lowers due to respiration (Borovec et al. 2010).

Third, biogenic carbonate substrates, whether stromatolites
or not, tend to form in low phosphorus environments
(e.g., Hägele et al. 2006; Corman et al. 2015; Rishworth
et al. 2017). The author of this review is currently unaware of
these substrates forming in high P environments. Whether
through direct manipulation of phosphorus concentrations and
responses in microbial growth and metabolism (e.g., Corman
et al. 2015), detection of alkaline phosphatase activity or obser-
vations of high N:P ratios (Valdespino-Castillo et al. 2014), or
high TN : TP ratios (Rosen et al. 1996; Hägele et al. 2006;
Lim 2009), environmental conditions in carbonate-depositing
ecosystems suggest organismal growth may be phosphorus-
limited. The access to some co-precipitated P, but not enough,
may be the very thing that allows these communities to persist
(Daoust and Childers 2004; Gaiser et al. 2004, 2006, 2011;
Rejm�ankov�a et al. 2008; Smith et al. 2010).

However, some lines of evidence contradict the aforemen-
tioned hypothesis. First, various advantages of benthic CaCO3

precipitation to microbes have been suggested, including pro-
tection against high light intensities (Merz 1992), buffer
against pH changes (Merz 1992), and protection against
uncontrolled, and hence detrimental, calcite nucleation (Obst
et al. 2009). Further, researchers studying oncoids from the
River Alz (Germany) suggest that P-deplete conditions primar-
ily limit the growth of macrophytes in the region, allowing
the cyanobacterial communities to thrive (Hägele et al. 2006).
This viewpoint echoes earlier positions taken by Wetzel and
others that co-precipitation of P is an indirect density-
dependent control on both phytoplankton and macrophyte
populations (Otsuki and Wetzel 1972). Clearly, more work is
needed.

CaCO3 in flowing waters
A continuum of CaCO3 forms in lotic ecosystems
Stunning examples of CaCO3 formations in lotic ecosys-

tems include the massive travertine dams, step-pool systems,
or perched springline paludal tufa formations (Chafetz and
Folk 1984; Pedley et al. 2003; Fuller et al. 2011; Fig. 2A) of
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Plitvice National Lakes (Croatia), Jiuzhaigou Valley National
Park (Sichuan, China), or Mammoth Hot Springs (Yellowstone,
USA). In lotic waters, CaCO3 formation spans a gradient of pre-
dominantly abiotically driven, through the process of CO2

degassing in waters supersaturated with CaCO3 (e.g., Herman
and Lorah 1987; Drysdale 2001; Malusa et al. 2003), to pre-
dominantly biotically driven, through the metabolic uptake of
CO2 and/or nucleation of CaCO3 to form biogenic microbial
carbonate structures (e.g., microbialites in River Alz, Germany,
Hägele et al. 2006; Cuatro Cienegas, Winsborough et al. 1994;
and Burgundy, France, Freytet and Plet 1996; bryoherms, Fre-
ytet and Verrecchia 1995; or calcareous crusts Pitois
et al. 2003); the latter is described in the previous section. Even
animals may be involved (Text Box 2). As the relative contribu-
tion of abiotic and biotic processes can vary through space and
time due to changing environmental conditions (Merz-Preiß
and Riding 1999), the forms can be distinguished based on
their morphology. In a carbonate-producing stream in Okla-
homa, USA, Stewart (1988) describes three main forms of
CaCO3: loose, flocculent material; off-white surficial material
attached to surfaces (e.g., on microscopic plants and stones;
Fig. 2B); and surficial “scum” of fine white, crystalline carbon-
ates on the water surface (Stewart 1988). Surficial scum is likely
driven by evaporitic processes and, while not a massive form of
CaCO3 in streams, is thought to be more common in arid,

stream ecosystems (Stewart 1988). While precipitation in
the water column of flowing aquatic ecosystems is possible
(Neal 2001), that which occurs in the benthos is likely more
important (Jarvie et al. 2002).

CaCO3 and P cycling in streams: Benthic processes
Like lakes, stream and river sediments may have a high

capacity for P adsorption (Mc Callister and Logan 1978;
House 2003). If the overlying water has more inorganic P than
the sediment porewater, that P will be retained by mineral
interactions with the sediment, of which carbonates may be
important (Reddy et al. 1999). However, in high-P scenarios,
the impact of P adsorption and co-precipitation may be over-
all negligible to the P budget of the river system (Bedore
et al. 2008). And, at low soluble P concentrations, it is
expected that co-precipitated P on CaCO3 would be released
back into the water column (Green et al. 1978). Furthermore,
the continuously moving nature of water in streams means
that the stability of phosphorus in stream bed sediments is
not just a function of the chemical composition of the overly-
ing water (and sediment), but also a consequence of the
water’s sediment load. As water flows increase, sediment loads
increase. If those sediments are composed of CaCO3 and
phosphorus, there may be a high net export of P (even if the
ecosystem storage is low). Note that these processes are not

Text Box 2. A bit about animals
Across all aquatic ecosystems, animals can interact with CaCO3, both creating and destroying CaCO3 forms. One of the
main mechanisms of creation is termed “biologically controlled calcification.” Biologically controlled calcification is
defined herein as the process by which organisms completely control the process of CaCO3 deposition like the building of
snail shells or skeletal material (Burne and Moore 1987). Indeed, bone, made up of hydroxyapatite (Ca10(PO4)6(OH)2) is
well recognized to be an important sink of calcium-associated P in vertebrate organisms (Sterner and Elser 2002). Readers
are directed to the aforementioned studies and others (e.g., Moody et al. 2016; Brodie and McIntyre 2019) for further
review of the potential impacts of biologically controlled calcification on P cycling. Of note is the opportunity for
skeletal-P to be a terrestrial subsidy to aquatic ecosystems (e.g., Parmenter and Lamarra 1991; Subalusky et al. 2020). Ani-
mals are also known to graze on CaCO3 formations (e.g., snails on stromatolites, Garcia-Pichel et al. 2004; Elser et al. 2006;
parrotfish on corals, Mumby et al. 2006). Could CaCO3 grazing liberate P into the foodweb, similar to the shunt of CaCO3-
derived P by calcite-dissolving moss?

Animals may also indirectly promote calcification by acting as a nucleating site for CaCO3 deposition or by hosting
epibiotic communities, either on their bodies (e.g., turtles, Neil and Allen 1954; Fig. 2D) or their casings (e.g., caddisflies,
Mooney et al. 2014; snails, Lukens et al. 2017), which may host microbes who influence CaCO3 deposition via the mecha-
nisms described above. Calcareous deposits have been documented on numerous aquatic macro invertebrates including
dragonfly larvae, damselfly larvae, giant water bugs, caddisflies, riffle beetles, amphipods, fly larvae, stoneflies, water scor-
pions, snails, and aquatic mites (Krüper 1930; Edwards and Heywood 1960; Minckley 1963; Durrenfeldt 1978; Ruff and
Maier 2000; Moody et al. 2016; Brown 1972). While several studies have considered the implications of epibiota to ecosys-
tem processes (e.g., Mooney et al. 2014; Lukens et al. 2017), the impacts of animal-CaCO3 deposits to P cycling via impacts
on P-coprecipitation are currently unknown. Additionally, through the process of constructing silken nets, hydropsychid
caddisflies may promote deposition of CaCO3 by providing a nucleating surface for crystal formation (Drysdale 1999;
Paprocki et al. 2003). Larval caddisflies of Cheumatopysche also build nets and retreats that promote tufa development.
These deposits are well preserved in the fossil record (Drysdale et al. 2003), suggesting that this animal-induced CaCO3

deposition may be quite stable.

Corman Calcium carbonate and phosphorus

11

 23782242, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lol2.10452 by N

anjing Institution O
f G

eo, W
iley O

nline L
ibrary on [18/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



necessarily specific to CaCO3-P interactions. However, there is
still much evidence to suggest that CaCO3 co-precipitation of
P in streams is important both to P flows through the ecosys-
tem and to biological processes within the ecosystem.

Despite the ubiquity of large CaCO3 structures in different
stream and river ecosystems, there are still many unknowns
about how CaCO3 influences P cycling in streams. Much of
the evidence for CaCO3 controlling P concentrations is given
by trends in P concentrations in CaCO3-precipitating streams
(Kempe and Emeis 1985; Hägele et al. 2006; Katsaounos
et al. 2007; Matoničkin Kepčija et al. 2011) or geochemical
modeling (Salingar et al. 1993; Cohen et al. 2013). Indeed, the
ability of periphyton to promote the formation of Ca-
phosphate minerals or co-precipitated P due to localized
increases in pH from photosynthesis is often considered a
given in stream ecosystems (Woodruff et al. 1999; Neal 2001;
Dodds 2003)—a very different paradigm than in lakes where
CaCO3-P can settle out of the epilimnion and thus be
unavailable for that stratification period. However, as seen in
lake and wetland ecosystems, CaCO3 deposition in streams
may be reduced under high P concentrations (Pentecost 2018).
Threshold values vary (Neal 2001): concentrations as low as
10 μM P reduced CaCO3 precipitation in the Tartare Springs
(Italy) by �40% (Bono et al. 2001). Dampening of CaCO3

deposition due to increased P has been particularly of concern
in culturally relevant sites, where increased tourist activity can
increase P inputs into the ecosystem and diminish the growth
of the very ecosystem attributes those tourists are visiting.

Several studies have considered the impacts of co-
precipitation on stream ecosystems. When CaCO3 deposition
rates were experimentally reduced in a travertine stream in
southern Arizona, researchers found a reduction in P uptake
rates in the stream and an increase in periphyton %P, yet no
change in water column concentrations (Corman
et al. 2016a). Similar results of increased biomass, biomass %
P, and primary production were found during experimental
reductions of CaCO3 precipitation in microbialites from a
stream in northern Mexico (Corman et al. 2016b). Further,
CaCO3 deposition is associated with N:P ratios of the primary
producers that are well above 16:1 (Hägele et al. 2006; Cor-
man et al. 2016b), and P limitation of primary production
may be typical of most regions of streams with active CaCO3

deposition (Matoničkin Kepčija et al. 2011; Corman
et al. 2016a).

Conclusions
Given the common occurrence of CaCO3 precipitation and

dissolution across inland water ecosystems, phosphorus
absorption/release dynamics with CaCO3 may—and already
have been shown to—play a critical role in phosphorus
cycling and ecosystem processes. Yet, there are distinct geo-
graphic gaps in our knowledge. While many studies of
microbialites and other biogenic carbonate structures in

tropical aquatic ecosystems exist, far fewer exist about tropical
or sub-tropical whiting events or macrophyte precipitation
(Fig. 3; Tapia Grimaldo et al. 2017). Many questions also
remain in understanding the ecological and evolutionary con-
sequences of CaCO3 co-precipitation of P. CaCO3 can take
many forms and the variation of P within these forms can
equally vary (Fig. 1). How do these different forms influence
the stability or bioavailability of co-precipitated P? On what
timescales is co-precipitated P a permanent or temporary sink
of P, and how does this vary by CaCO3 forms? Given the
biotic role in many CaCO3-forming processes, how does
the interaction between the organisms’ need for P mitigate
CaCO3 deposition? Do evolutionary feedbacks exist, and how
do these vary among different organismal types
(i.e., microbes, macrophytes, and animals)? Further, few stud-
ies consider explicitly the mechanisms by which P co-
precipitation occurs (though see Rodriguez et al. 2008).
Answering this question could help determine how sediment
processes interact with P sequestration and how it varies
between different forms of co-precipitated P. Studying these
questions may help uncover new insights into biology and
ecology, and help manage the numerous, important ecosys-
tems with CaCO3 deposition.
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Álvarez, M., and I. Pardo. 2007. Factors controlling epilithon
biomass in a temporary, karstic stream: The interaction
between substratum and grazing. J. N. Am. Benthol. Soc.
26: 207–220 doi:10.1899/0887-3593(2007)26[207:FCEBIA]
2.0.CO;2.

Alvarez Cobelas, M., and S. S�anchez Carrillo. 2016. Short-term
nutrient fluxes of a groundwater-fed, flow-through lake.
Limnetica. 35: 143–158. doi:10.23818/limn.35.12

Andersen, F. Ø., and P. Ring. 1999. Comparison of phospho-
rus release from littoral and profundal sediments in a shal-
low, eutrophic lake, p. 175–183. In N. Walz and B. Nixdorf
[eds.], Shallow Lakes’98. Springer.

Arp, G., A. Reimer, and J. Reitner. 2001. Photosynthesis-
induced biofilm calcification and calcium concentrations
in Phanerozoic oceans. Science 292: 1701–1704. doi:10.
1126/science.1057204

Avnimelech, Y. 1980. Calcium-carbonate–phosphate surface
complex in calcareous systems. Nature 288: 255–257. doi:
10.1038/288255a0

Corman Calcium carbonate and phosphorus

12

 23782242, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lol2.10452 by N

anjing Institution O
f G

eo, W
iley O

nline L
ibrary on [18/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1306/74D7185C-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D7185C-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D7185C-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D7185C-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D7185C-2B21-11D7-8648000102C1865D
https://doi.org/10.1038/nature04764
https://doi.org/10.1038/nature04764
https://doi.org/10.1038/nature04764
https://doi.org/10.1038/nature04764
https://doi.org/10.1899/0887-3593%282007%2926%5B207:FCEBIA%5D2.0.CO;2
https://doi.org/10.1899/0887-3593%282007%2926%5B207:FCEBIA%5D2.0.CO;2
https://doi.org/10.23818/limn.35.12
https://doi.org/10.1126/science.1057204
https://doi.org/10.1126/science.1057204
https://doi.org/10.1038/288255a0
https://doi.org/10.1038/288255a0


Avnimelech, Y. 1983. Phosphorus and calcium carbonate sol-
ubilities in Lake Kinneret. Limnol. Oceanogr. 28: 640–645.
doi:10.4319/lo.1983.28.4.0640

Büttner, S. H., E. W. Isemonger, M. Isaacs, D. Van Niekerk,
R. E. Sipler, and R. A. Dorrington. 2021. Living phosphatic
stromatolites in a low-phosphorus environment: Implica-
tions for the use of phosphorus as a proxy for phosphate
levels in paleo-systems. Geobiology 19: 35–47. doi:10.
1111/gbi.12415

Ba�nkowska-Sobczak, A., A. Blazejczyk, E. Eiche, U. Fischer,
and Z. Popek. 2020. Phosphorus inactivation in Lake sedi-
ments using calcite materials and controlled
resuspension—mechanism and efficiency. Minerals 10:
223. doi:10.3390/min10030223

Babin, J., E. E. Prepas, T. P. Murphy, M. Serediak, P. J. Curtis,
Y. Zhang, and P. A. Chambers. 1994. Impact of lime on
sediment phosphorus release in hard water lakes: The case
of hypereutrophic Halfmoon Lake, Alberta. Lake Reserv.
Manag. 8: 131–142. doi:10.1080/07438149409354465

Ballantyne, A. P., J. Brahney, D. Fernandez, C. L. Lawrence, J.
Saros, and J. C. Neff. 2011. Biogeochemical response of
alpine lakes to a recent increase in dust deposition in the
Southwestern, US. Biogeosciences 8: 2689–2706. doi:10.
5194/bg-8-2689-2011

Batjes, N. H. 2016. Harmonized soil property values for broad-
scale modelling (WISE30sec) with estimates of global soil
carbon stocks. Geoderma 269: 61–68. doi:10.1016/j.
geoderma.2016.01.034

Bedore, P. D., M. B. David, and J. W. Stucki. 2008. Mecha-
nisms of phosphorus control in urban streams receiving
sewage effluent. Water Air Soil Pollut. 191: 217–229. doi:
10.1007/s11270-008-9619-x

Benzerara, K., and others. 2014. Intracellular Ca-carbonate
biomineralization is widespread in cyanobacteria. Proc.
Natl. Acad. Sci. U. S. A. 111: 10933–10938. doi:10.1073/
pnas.1403510111

Bogan, M. T., and D. A. Lytle. 2011. Severe drought drives
novel community trajectories in desert stream pools:
Drought causes community regime shifts. Freshw. Biol. 56:
2070–2081. doi:10.1111/j.1365-2427.2011.02638.x

Bono, P., W. Dreybrodt, S. Ercole, C. Percopo, and K. Vosbeck.
2001. Inorganic calcite precipitation in tartare karstic
spring (Lazio, central Italy): Field measurements and theo-
retical prediction on depositional rates. Environ. Geol. 41:
305–313. doi:10.1007/s002540100375
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