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 Calcium deficiencies in landscapes: its effects and its solutions. 
 
Calcium is an essential macronutrient and signalling molecule needed by all plants to respond to 
stress and stimuli. However, in many parts of the world, calcium is in short supply, largely as a result 
of human-induced environmental change. Furthermore, unlike other macronutrients, such as 
potassium, calcium is unable to be remobilised when absorbed within plant tissue. So, plants need a 
steady supply for crucial signalling and defensive processes, particularly against pathogens (White, 
2003). There are likely upwards of 30 possible calcium-related plant disorders which can cause issues 
such as reductions in tensile strength. (Shear, 1975; Lautner and Fromm, 2009). Susceptibility to 
these disorders increases because of both disease and calcium deficiencies, which have visible 
impacts on the world’s forests. Solutions to these problems require some understanding of calcium’s 
biochemical mechanisms and its importance for plant health. 
 
Functions of calcium in plants 
Structurally, calcium improves the integrity of plant cells by binding to pectin in the middle lamella of 
cell walls (Demarty et al., 1984) thereby forming a barrier against pathogens (Esquerré-Tugayé, 
Boudart and Dumas, 2000). Should pathogens penetrate this barrier, an influx of calcium ions into 
the cytosol from the apoplastic pool is detected by calcium modulating proteins (Calmodulin), which 
then trigger a signalling cascade (Aslam et al., 2008). Responses induced by cascades can have a 
variety of defensive functions, from setting up electrochemical gradients to pheromone secretion 
and plugging the plasmodesmata (Davies, 1987). However, signalling initiation is only the beginning. 
 
To stop the spread of pathogens and to prevent their development, calcium and calmodulin are 
involved in callose deposition, lignin build-up, and phytoalexin secretions (Davies, 1987; Dixon et al., 
1994). These are all responses to signal transduction, which are used in preventing disease and 
inhibiting the spread of infection caused by harmful microorganisms. Callose will isolate an infection 
to reduce the extent of potential damage as well as to starve the pathogen of nutrients. Although 
lignin is regulated by calcium both under non-infected and infected conditions, lignin controls 
infections both locally and systemically (Eklund & Eliasson, 1990). Lignin works alongside callose to 
prepare healthy tissues, including plant leaves, against the spread of infection by providing a 
stronger defence and a more rapid response (Dean and Kuc, 1987). For example, in Eastern Canada 
the feeding of the phloem-feeding insect Balsam Woolly Adelgid, Adelges piceae, causes abnormal 
wood in balsam fir trees, reducing the flow of sap and causing tree death (Hollingsworth and Hain, 
1991; McLaughlin and Wimmer, 1999). The balsam fir trees defensively respond to the balsam 
woolly adelgid by inducing lignin to reduce the extent of the attack. Calcium is needed to induce 
such protective responses. Calmodulin can also activate further transporters and increase gene 
expression to cause programmed cell death) to limit the spread of infection (Ma and Berkowitz, 
2007). A lack of calcium therefore severely limits plant defence responses and plant wound repair 
mechanisms, which can be fatal. 
 
Calcium is also vital for improving the symbiotic relationships plants have with commensal organisms 
(Vadassery and Oelmüller, 2009). Calcium enables the signalling of mutualistic interactions and 
ensures that the plant positively recognizes these organisms as beneficial. For example, 
Piriformospora indica is an endophytic fungus involved in root growth, which can double root and 
shoot biomass (Varma et al., 1999). In order to prove this signalling function, calcium-impaired 
mutants of the model plant species Arabidopsis thaliana and Lotus japonicus were produced that 
hinder cytosolic calcium influx. No relationship with P. indica was detected in these mutated plants, 
and the lack of cytosolic calcium was deemed responsible for the loss of this beneficial relationship 
(Vadassery and Oelmüller, 2009). This genetic study was conducted using laboratory model plant 
species, selected to ensure these findings would be relevant to many other species (Meinke, 1998). 
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Such findings further support a conclusion that sufficient levels of calcium are needed to maximise 
plant health by directly contributing to the protection and nurture of forest trees.  
 
Effects of calcium deficiency as a result of human impacts on the environment 
Acid rain is a result of burning fossil fuels that release sulfur dioxide (SO2) and nitrogen oxides (NOx) 
into the atmosphere, thereby increasing the acidity of precipitation by up to 10-fold, from pH 5.6 to 
4.5, depending on the dissociation of carbonic acid (Krug and Frink, 1983). When this rain reaches 
the earth, it sinks into the soil and changes the soil’s chemistry. 
 
Acid rain leaches calcium out of the soil with harmful effects on forests, by making it unavailable for 
plant uptake and for plant defences, thus slowing down tree growth and decreasing biomass. This is 
because calcium deficiency reduces enzyme activity and thereby impacts photosynthesis (Liang and 
Zhang, 2018). Environmental concerns about deteriorating forest health are rising, even when 
pollution controls are improving air quality, because the calcium has already been lost, and these 
measures are insufficient to reduce global pollution, as shown by the general pattern in Figure 1. (Hu 
et al., 2014; Amann et al., 2020). Unfortunately, greater concern is caused as the trends of emitted 
gases from anthropogenic sources, excluding SO2 (Figure 1) have been climbing since the 1990s 
(Olivier et al., 2005; Amann et al., 2020) and this is ultimately increasing acid rain concentration and 
depleting even more calcium.  
 
 

 
 
Calcium leaching in soil affects other ecosystems such as the freshwater lakes, as soil weathering is 
expected to provide a steady supply of calcium into lake water (Weyhenmeyer et al., 2019).  Aquatic 
life, especially keystone zooplankton species with a calcified exoskeleton, are jeopardised by 
reduced calcium quantities. For example, water fleas are undergoing the process of “jellification”, 
where the normally dominant Daphnia species are being displaced by Holopedium species that carry 
a gelatinous mantel instead of a calcified exoskeleton. The reason for this significant shift in the 
species composition in lakes is Daphnia’s dependency on calcium for moulting and growth, which is 
not a requirement for Holopedium (Jeziorski et al., 2015). Other wildlife is undergoing stress because 

Figure 1: Global trends of emissions from anthropogenic sources, (relative to 1990) from 1990 
to 2015. For the purpose of this essay focus should be directed towards NOx and SO2, though 
SO2 levels have almost declined by half there is an overall increase in NOx which may as a 
result of current pollution controls being insufficient (Amann et al., 2020) (GAINS) 
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calcium is key in their metabolic and intracellular activity (Edwards, Jackson and Somers, 2014). 
Organisms consumed by birds have a reduced amount of calcium content and are consequently 
reducing the amount available to birds to make their calcified eggshells, making the eggs very fragile 
(Weyhenmeyer et al., 2019). Ecosystems are complex, with many other known and unknown 
consequences caused by calcium deficiency, these repercussions are impacting forest health and 
food chains. 
 
Potential solutions to address calcium deficiency 
Natural and artificial approaches to restoring soil calcium in forests are still being evaluated. Though 
it is thought that soils and waters may be improving, this is a slow process, and the effects are 
difficult to quantify, due to their buffering properties. Therefore, potential solutions are 
indispensable to speed up recovery (Krug and Frink, 1983; Mohnen, 1988; Deighton and Watmough, 
2020). 
 
Fertilisers, on one hand, have been used for some time and have seen a dramatic increase in use. 
This has caused excessive availability of elements in ecosystems. A well-known consequence of this 
excess in water bodies is eutrophication, and additionally, soil pollution. This has become a pressing 
issue as soil’s neutralising ability has led to delays in the recognition of pollution. For instance, some 
fertilisers are high in sodium (K2SO4 in Table 1). Despite buffering properties, sodium ions 
accumulate over time, changing soil pH, and becoming toxic to plants (Savci, 2012). Therefore, 
alternative natural methods are being tested to increase calcium content in soils, without harming 
the environment by adding other damaging compounds. One of these methods is Non Industrial 
Wood Ash (NIWA). A possible natural alternative to NIWA is limestone. However, limestone is 
commercially mined and would not be available to the same extent and at the same price, 
suggesting that in general, it would be a less attractive proposal (Azan et al., 2019).  
 
Non Industrial Wood Ash application is being used as a natural treatment. NIWA aids the restoration 
of depleted ions and corrects pH in forest soils which have been harmed by acid rain. Studies have 
been conducted to establish the effectiveness of applying ash to forests. Seedling growth and 
chemistry were measured across a variety of tree species, including maples, pines and birches. There 
was variation among the species, but generally, root and stem calcium concentrations increased 
(Deighton and Watmough, 2020). A significant finding was that after one year of NIWA treatment 
not only was pH found to increase from 0.4 to 1.1 units but also, sugar maple seedlings that are 
often deficient in calcium, went from about 8.6 grams of calcium per kilogram to up to 21.9 grams 
per kilogram (Deighton and Watmough, 2020). This increase did not consistently help growth; 
however, it would have undoubtedly helped seedling health when considering calcium’s role as 
discussed above.  
 
Comparison between Figure 2 and Table 1 makes it clear that NIWA is far richer overall in a variety of 
nutrients than whole fertilisers. Tabled ammonium fertilisers supply soils with many primary 
nutrients but forgo the secondary nutrients. To achieve the same effect as NIWA regarding calcium, 
magnesium, potassium and phosphorus, several fertilisers would have to be used simultaneously. 
NIWA can consist of approximately 30% calcium as seen in Figure 2 (Azan et al., 2019). The fertiliser 
with the highest calcium percentage Ca(NO3)2 has a far lower concentration - approximately 19% - as 
well as very small quantities of other nutrients provided by  NIWA that are also vital to plants. For 
example, the potassium percentage ratio in NIWA is double that found in Ca(NO3)2, fertilisers.  
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Figure 2: Composition of essential macronutrients and sodium composition in NIWA as percentages in dry weight 
by mass (%DW) using a logarithmic y-axis. The median values are displayed by the horizontal lines and were then 
surrounded by the lower and upper quartiles, these are multiplied by 1.5 to give the whiskers. Where external 
points are outliers (Azan et al.,2019). 
	

 
Table 1: Percentages of macronutrient composition shown in a variety of whole and water-soluble fertilisers. 
Relatively small values are seen for secondary nutrients in both. Water soluble fertilisers also show solubility 
percentage and compounds instead of the raw nutrient (Otero, Vitòria, Soler and Canals, 2005).  
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NIWA treatment may additionally improve the current state of freshwaters, which suffer from the 
lack of calcium found in catchment soils (Jeziorski et al., 2008). The supplement of calcium would 
benefit aquatic wildlife such as the Daphnia, where Ca2+ would improve survival, fertility, and 
reproduction (Jeziorski et al., 2008).  
 
Though NIWA concentration would have to be monitored to regulate toxicity, this strategy has 
enormous potential to be an essential approach in protecting organisms, as well as woodland plants 
from calcium deficiencies.  
 
Further NIWA considerations 
The NIWA strategy can be achieved in most woodland locations but it requires the participation of 
local communities, for example by encouraging residents to donate their wood ash to be scattered 
in forests. In Ontario, those generating NIWA, including local homes and bakeries, are often willing 
to donate it for forest use, as well as transporting the ash to a local transfer station. This active 
participation has been generating community awareness for this environmental issue (Azan et al., 
2019). The district of Muskoka in Ontario can approximately deliver 235 tonnes of wood ash (Azan et 
al., 2019). As well as private homes, ash sources include businesses operating wood-burning 
appliances, like pizza ovens or paper mill boilers, that can produce 0.75 million tonnes per year (Azan 
et al., 2019). Outside of Canada, this method has been used in Scandinavia for decades (Azan et al., 
2019).  
 
Nevertheless, complications may arise as NIWA composition can greatly vary depending on the type 
of combustion used, or the source of the material burnt to generate the ash. Additionally, there may 
be traces of toxic heavy metals which some trees accumulate, so this method would need further 
development as well as trialling over a longer period (Deighton and Watmough, 2020). 
Notwithstanding this, the ash can be analysed to determine its components so once better screening 
and quantification of elements can be achieved, this technique could be applied in other countries 
such as the UK.  
 
Final considerations 
In summary, this essay has described the vitality calcium has as a macronutrient and messenger in 
perennial function in the forest ecosystem. It is evident that calcium deficiency is a factor that can 
gravely affect forest health. A lack of calcium is leaving plants and animals vulnerable to disease and 
triggering deficiency disorders that can cause tissue collapse and cell death. Further damage is being 
done to lakes, which is harming the ecosystems. Subsequent research should include expanding and 
developing natural solutions like NIWA to target deficiencies and to reduce the consequences that 
fertilisers have on the environment. To prioritise treatment, other potential species that would 
benefit from calcium additions should also be examined. The aim of this essay is to highlight the 
need for future research and action before calcium deprivation causes irreversible effects in our 
forests. 
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