
ABSTRACT 

GERAGHTY, JOSEPHINE GILES. Phosphorus Sustainability Through an Economic & 

Communications Lens. (Under the direction of Dr. Justin Baker). 

 

Phosphorus is an essential element for life, and its security is a pressing global 

sustainability challenge (Cordell & White, 2014). Despite phosphorus’ broad importance to the 

modern world, sources of phosphorus are limited. Due to the chemical nature of phosphorus, 

much of the phosphorus used today is sourced from non-renewable phosphate rock, with few 

remaining mining sources globally. To properly understand the breadth of phosphorus 

sustainability issues, we must consider not only scientific and technical approaches and 

solutions, but social, political, and economic ones also. As a result, phosphorus sustainability is 

considered a wicked problem—a problem so pervasive that attempts to improve them in one area 

will cause unintended consequences in another. Wicked problems require convergence research 

to solve. This thesis addresses the wicked problem of phosphorus sustainability from two key 

domains: economics and communication.  

 

Chapter 2: Future development goals have been outlined in documents, such as the 

United Nations Sustainable Development Goals. What is needed to address development goals is 

clear, but there are key uncertainties regarding socioeconomic developments, policy, and 

technology factors in the near- and long-term future. Additionally, wide scale implementation of 

new policy or technology developments will require cooperation of multiple stakeholders across 

sectors. This chapter uses the Shared Socioeconomic Pathways (SSP) narrative framework to 

develop five alternative baseline assumptions for future development of phosphorus systems. 



The narrative style outlines key assumptions in the development of socioeconomic drivers under 

different conditions. To provide insight on U.S. specific developments, the global narratives are 

connected to the Science and Technologies for Phosphorus Sustainability (STEPS) Center nine 

Impact Opportunities. The results demonstrate that key socioeconomic drivers vary depending on 

the future that unfolds. Attempts to implement technology or policies could be supported or 

slowed by the socioeconomic factors as defined by the SSPs. Furthermore, attempts to address 

the Impact Opportunities will face similar challenges or opportunities under different conditions.  

 

Chapter 3: Solutions for wicked problems also require effective communication and 

messaging about scientific and technical efforts. Science communication efforts online, 

especially on social media, have increased over the last decade. Many Americans now get 

scientific information on social media. However, to the best of our knowledge, limited research 

has evaluated science communication efforts on wicked problems. This study examines the 

science communication efforts of the Science and Technologies for Phosphorus Sustainability 

(STEPS) Center on social media. We apply the random forest machine learning approach to the 

social media data to the Center’s three social media accounts. The feature importances of five 

different post features are compared to social media best practices. Our findings show that 

featuring people in posts and the composition of a post are important to predicting total number 

of engagements. Additionally, total engagements are important to predicting reach of a post. 

Finally, we argue engagement should be prioritized over reach due to the influence of 

engagement on reach and current models for science communication. This work provides 

strategy insights for research centers aiming to increase their social media presence. 
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CHAPTER 1: Introduction 

"#$%&'()$*&#!$&!+,&-.,&%(-!/!+,&-.,&%(-!0(-$1*#12*3*$4!

Chemist and Science Writer Isaac Asimov summed up the importance of phosphorus in 

1974 with the statement: “Life can multiply until all the phosphorus is gone, and then there is an 

inexorable halt which nothing can prevent. We may be able to substitute nuclear power for coal, 

and plastic for wood, and yeast for meat, and friendliness for isolation – but for phosphorus there 

is neither substitution nor replacement” (Lougheed, 2011). Unlike other elements, phosphorus is 

relatively scarce and hard to procure (Ashely et al., 2011). Due to the chemical nature of 

phosphorus, much of the phosphorus used today is sourced through phosphate rock, which exists 

in only a few places on Earth. In addition, phosphate rock is a non-renewable resource and as 

such, is finite. Morocco has the largest phosphate reserve in the world (Lougheed, 2011). 

Domestically, much of the phosphate rock in the United States is in Florida (Department of 

Energy, 2014).  

There is no question that phosphorus is vital to agriculture and human life today. 

However, its current use is unsustainable and causes environmental damages globally (Jacobs et 

al., 2017; Ashley et al., 2011).  Inefficiencies in the phosphorus cycle results in much of the 

phosphorus mined to be lost prior to food production. Phosphorus losses often end up in 

waterways, leading to eutrophication. Eutrophication harms aquatic ecosystems, human health, 

and recreational opportunities in eutrophic water bodies (USGS, 2019). Agriculture contributed 

38% of global anthropogenic phosphorus in freshwater between 2002 and 2010, with inorganic 

fertilizers being the leading cause (Zou et al., 2022). Phosphorus pollution is further exacerbated 

even with attempts to improve management and use because of legacy phosphorus, which is the 

long-term buildup of phosphorus in soil (Doydora et al., 2020). In some cases, the issue is not 
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too much phosphorus, but too little. Forty-three percent of terrestrial land is limited by 

phosphorus, and a large portion of that land is in Latin America and Africa (Du et al., 2020). To 

meet the food needs of the population, application of fertilizers will need to increase in 

phosphorus limited areas (Magnone, et al., 2020).!Researchers, policy makers, and other 

stakeholders are taking steps to reverse the environmental damage. However, the larger issue of 

phosphorus supply is still looming; limited geographic locations of phosphate rock make the 

market susceptible to socio-political and economic pressures.  

The long-term availability of phosphate rock is debated. In 2010, the International 

Fertilizer Development Center (IFDC) estimated that the global phosphate reserve was 290,000 

million metric tons, excluding potential reserves (Van Kauwenbergh, 2010). In 2020, the global 

reserves were estimated at 71 billion metric tons (Amar et.al, 2022). Since this estimate was 

established, new reserves were discovered. For example, in 2023, a 70 billion ton reserve was 

discovered in Norway, opening a new supply of phosphate rock for use (World Economic 

Forum, 2023). Uncertainty of data, such as physical estimates and economic access costs of new 

reserves, can lead to different estimates of economically available phosphate reserves (Cordell & 

White, 2011). Alongside uncertainty about the supply of phosphate, there is uncertainty over 

future demand for mined or recycled phosphorus for fertilizers or other end uses. While current 

estimates do not indicate a total depletion of phosphate rock in the near future, growing demand 

could continue to put pressure on fertilizer use (Cordell & White, 2014), and phosphorus 

imbalances in some developing regions could underscore non-linear growth in fertilizer demands 

to improve agricultural productivity to increase food security in these emerging economies. 

Society is at a crossroads of what to do next. 
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Phosphorus sustainability is a wicked problem. Wicked problems are social and or 

environmental issues that cannot be easily solved. A hallmark feature of a wicked problem is its 

presence in all areas of life such as social, environmental, political, and economic systems. 

Attempting to implement a solution to one aspect of the problem may cause unintended 

consequences in another. For example, intensifying agriculture to meet food demand requires 

increased fertilizer use, which in turn can contribute to runoff that harms the environment 

(Jacobs et al., 2017). Frequently, research conducted on wicked problems comes from a single 

discipline’s perspective, which largely ignores the multidisciplinary nature of wicked problems 

(Hou et al., 2022). Wicked problems have a high level of uncertainty associated with them and 

require a multidisciplinary approach and new ways of thinking (Richey, 2013). No single 

stakeholder can effectively solve a wicked problem without others (Dentoni et al., 2018). 

Research on coordinated strategies for wicked problems illuminate several important aspects of 

addressing these problems. First is the need for transdisciplinary approaches and research teams 

(Hou et al., 2022). Second is the need for thoughtful stakeholder engagement and involvement 

(Dentoni et al., 2018).  

Wicked problems are not often researched in communication literature (Hou et al., 2022). 

However, a need to engage with stakeholders is imperative. To effectively reach and engage 

external audiences, understanding communication strategies of wicked problems is critical. 

!

+(%.&-7!/!0)&.7!&9!$,*-!:,7-*-! !

This thesis is divided into two main chapters, each with a distinct focus. Chapter two 

takes an economics focus and develops baseline assumptions for the future of phosphorus 
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sustainability across sectors. Chapter three is focused on the science communication efforts on 

social media, using the STEPS Center social media accounts as a case study.  

 

2345678%9:%#3487;%#<=-<7=<><?-=%@463A4BC%D<8%@3<C53<8EC%#EC64->4F-G-6B%

In this chapter, we develop alternative baseline assumptions for the future of phosphorus 

sustainability using the Shared Socioeconomic Pathways (SSP) narrative framework. The 

framework presents five alternative future development pathways that account for variation in 

socioeconomic drivers, such as population growth and governance. The narrative style describes 

how changes in socioeconomic drivers can impact the overall success of different strategies, 

either policy or technological, on phosphorus and management. The Phosphorus Specific 

Pathways (PSPs) can later be used to inform baseline modeling assumptions and address some of 

the uncertainty associated with future predictions. The PSPs describe changes at a global scale. 

To provide insight on U.S.-centric changes, the PSPs are connected to the nine Impact 

Opportunities (IOs) described in the STEPS Center Roadmap. The nine IOs describe areas that 

are key to improving phosphorus sustainability but are impacted by socioeconomic conditions. 

%
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In this chapter, we apply the random forest machine learning algorithm to the social 

media data of the STEPS Center. Each platform provides ample data on the performance of the 

account and individual posts. The social media accounts of the center are integral parts of the 

communication team’s science communication effort and have been operational for several 

years. To evaluate the success of the accounts and inform future strategies, we analyze the social 

media metrics from LinkedIn, Instagram, and X (formerly Twitter). The feature importance of 
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five key post features is visualized to begin to understand how science communication functions 

on social media. 
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CHAPTER 2: Shared Socioeconomic Pathways for 

Phosphorus Sustainability  
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Phosphorus plays an important role in several major global systems, such as the food and 

water systems. As the global population grows, the pressure on these systems to support 

development will increase. Phosphate rock is primarily used by the fertilizer industry as a key 

ingredient to crop production (Amar et.al, 2022). However, with negative environmental 

consequences associated with the overconsumption and improper management of phosphorus, 

the pace of future socioeconomic developments could exacerbate challenges associated with 

transitioning to a sustainable phosphorus future.  

Sustainable phosphorus management, including more efficient use of phosphorus and 

avoidance of unnecessary nutrient losses to soils and surface water, will require a combination of 

policy interventions, technology developments, more efficient use, and behavioral changes. 

Interventions in the phosphorus system can come in many forms. Policy interventions, such as 

setting Total Maximum Daily Loads (TMLDs) in the Clean Water Act (EPA, n.d.) or broader 

climate policies such as the European Union’s The European Green Deal (European 

Commission, 2023) are top-down strategies to influence phosphorus use and management in 

multiple sectors. Technological interventions, such as developing more efficient methods to 

remove phosphorus from wastewater (Morse et al., 1998) or innovative discoveries in fertilizer 

to improve phosphorus use and efficiency in crops (Guelfi et al., 2022) are bottom-up solutions 

to improve the sustainability of the phosphorus system at the source. Educational campaign 
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interventions aim to increase public awareness and participation in environmental issues to train 

the next generation of problem solvers (EPA, n.d.). Development and implementation of 

phosphorus interventions cannot exist in isolation, but instead will require convergence across 

multiple disciplines, from engineers to social scientists to policymakers. Interdisciplinary teams 

are needed to develop and deploy new technologies for phosphorus recycling and reuse, 

strengthen policies and regulation around environmental quality, develop economic markets to 

support novel technologies and alternative sources, support education and public awareness 

around phosphorus sustainability, and grow a global network of phosphorus trade.  

Understanding how these interventions will impact the phosphorus system requires the 

establishment of baseline parameters and a logical mapping of how future socioeconomic 

developments might influence the relative feasibility or costs of a particular intervention. 

Baseline assumptions are important to future modeling exercises because they detail the current 

state that is then built from (Li et al., 2020). Establishing the key attributes of a baseline—that is, 

projected future demand, supply, and regional consumption patterns for phosphorus in the 

absence of new interventions—is essential for projecting future phosphorus sector developments 

and steps towards more sustainability. Robust baseline projections (e.g., of phosphorus 

consumption) at regional and global scales are needed to assess how these general trends, as well 

as adoption of novel phosphorus management technologies, practices, and policy approaches will 

evolve with expected socioeconomic developments.  

This study explicitly details the role of different socioeconomic factors in the future of 

interventions in the phosphorus system, using the Shared Socioeconomic Pathways (SSP) 

framework. Socioeconomic factors are important determinants to the development and 

implementation of new technologies, policies, management practices, and other interventions 
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that will ultimately impact the phosphorus system. Properly incorporating them into baseline 

assumptions is critical to effectively assessing future impacts. This analysis provides five 

plausible alternative pathways for future global socioeconomic development as they pertain to 

phosphorus. These narratives can be implemented in modeling exercises to depict baseline 

assumptions. Additionally, the global assumptions are applied to the Impact Opportunities (IOs) 

described in the STEPS Center Roadmap (STEPS Center, 2021). The nine IOs define areas that 

if advancements are made, phosphorus sustainability will progress forward. The IOs span 

technology, education, and the economic advancements, highlighting the multidisciplinary nature 

of the phosphorus problem.  

 

5,7%7!*-!$,7!<($(%7!&9!+,&-.,&%(-!=&*#>?!

There is a clear focus on sustainability in future development, which is supported by 

societal concerns over climate change, growing resource scarcity, and increasing inequality. 

Sustainable development, policy, economies, technologies, and much more have gained 

popularity (Dhanani, 2022).  

The Sustainable Development Goals (SDG), first introduced in 2016, outline 17 goals for 

sustainable development that integrate environmental, economic, and social wellbeing (United 

Nations, 2016). In the 2024 SDG progress report, phosphorus (or nitrogen) is not mentioned, and 

fertilizers are briefly mentioned once in relation to rising food prices (United Nations, 2024). The 

future of phosphorus sector developments and contributions towards achieving the SDGs are less 

often discussed in the scientific literature despite the sector’s inextricable ties to multiple SDGs - 

particularly 2, 6, 12, 14, 15, and increasingly 7 and 8.  
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To meet the dietary needs of the global population and achieve SDG 2, zero hunger, 

interventions to increase food production in a sustainable way while improving global food 

security are critical (United Nations, 2024). Recent fertilizer price spikes and global supply 

limitations of phosphorus fertilizers have led to food security concerns, which reinforces the 

need for continued phosphate rock mining and alternative sources of phosphorus fertilizers to 

support global food supply chains. The COVID-19 pandemic, the Ukraine conflict, and extreme 

weather events have all caused supply side restrictions on the fertilizer market and highlights its 

particular vulnerability to supply shocks (IFPRI, 2022).!Although fertilizer production is the 

predominant demand for phosphate rock, phosphate products support other industrial processes, 

such as battery production. Further, as countries attempt to achieve sustainability and climate 

policy goals, other demands for phosphorus begin to arise (Xu et.al, 2022). Phosphorus 

management decisions will greatly impact the global ability to meet food demands. Shifts in 

management, diet, and land use will play a role in achieving the goal of zero hunger while 

maintaining the environment (Brownlie et al., 2022). Attempts to advance SDG 2 can conversely 

impact SDG 15, protecting and restoring terrestrial ecosystems. Land system changes will impact 

the amount of phosphorus used on crop fields and nutrient management decisions will impact 

continued environmental degradation.  

Proper water resource management will be needed to achieve SDG 6, providing clean 

water and sanitation to all (United Nations, 2024). Eutrophication, caused by an overabundance 

of nutrients in waterways, has disastrous effects on the surrounding ecosystem and human health 

(Chislock, 2013). The impacts of degraded water quality are further complicated by knowledge 

and management gaps (United Nations, 2024). Phosphorus pollution has almost doubled over the 

20th century (Brownlie et al., 2022) and improved management could help advance SDG 6. 
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Better management of nutrient runoff can positively impact SDG 14, life below water, because 

eutrophication causes fish kills and other harmful effects to aquatic life.   

Phosphorus sector developments are increasingly tied to several other SDGs. In efforts to 

increase adoption of renewable energy technologies, and achieve SDG 7, a substantial amount of 

minerals will be required to build clean energy technologies (IEA, 2022). Electric vehicle battery 

production is also an emerging market demanding phosphorus. As electric vehicles become more 

popular as not only a mode of transition but an environmental solution to carbon emissions and 

oil drilling, mineral demand will need to be considered. Projections indicate lithium-phosphate 

batteries (LFPs) will demand 28-35 metric tons of phosphorus between 2020-2050 (Xu et.al, 

2022). Even though there are other batteries suitable for electric vehicle production, LFP 

batteries have unique benefits such as high energy density, long life cycle, ability to handle a 

wider range of temperatures, and improved safety due to the chemical composition (Clou, 2023; 

Xu et.al, 2022). In addition to electric vehicles, LFP batteries are used for grid electricity storage, 

making up about 97% of the market (PNNL, n.d.).  As electric vehicles become more common, 

competition for phosphate rock between the electric vehicle industry and agricultural industry 

will take different forms depending on the type of future that unfolds. 

Sustainable Development Goals 8, promote sustainable and inclusive economic growth, 

and 12, responsible consumption and production, are closely related in the context of phosphorus 

sustainability. Sustainable economic growth can be achieved by shifting toward sustainable 

economic frameworks that integrate human and natural capital. There are several frameworks 

that offer suggestions on how to achieve sustainable economic growth, such as a green economy, 

circular economy, or bioeconomy (Amato et al., 2021). All three frameworks have various 

strengths and weaknesses as described by Amato et.al, but a fundamental point of the 
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frameworks is to better understand and include environmental processes and benefits in 

economic decision making.  

Models of sustainable economic development detail how to grow the economy while 

minimizing environmental impacts. A circular economy is primarily referenced in relation to 

phosphorus sustainability. Circular economies create a loop on a product's life cycle by relying 

on changes in product production and consumption to work. There is immense potential for a 

circular phosphorus economy (Brownlie et al., 2022). The current phosphorus system is very 

linear, represented by a path from mine to field, to plate, to waste (Walsh et al., 2023). Closing 

the loop and creating a circular model for phosphorus through the development of recovery/reuse 

technologies, sustainable agriculture and soil management, and strengthening a reliable supply 

will greatly advance SDGs 8 and 12 (Walsh et al., 2023; Wali et al.,2021).  

To meet future development and resource demand coupled with increasing environmental 

concern associated with phosphorus mismanagement, solutions to support a transition to a more 

sustainable phosphorus future are needed, which could include more reliance on reuse and 

recovery technologies (Elser et al., 2024). Phosphorus recovery and reuse could reduce the 

dependency on phosphate rock by recycling phosphorus from alternative sources that are more 

locally available, such as manure in livestock systems or human urine in densely populated urban 

areas. Such technological solutions, combined with strengthened environmental policy to reduce 

runoff from agricultural operations, could provide dual benefits of insulating local agricultural 

supply chains from global phosphate supply risks while reducing local environmental impacts. 

Solutions to the phosphorus problem will need to come from a synchronized effort across 

disciplines such as technology developments, economic investments, governmental policy. 
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Advancement of SDGs on a sector-by-sector basis could be limited by uncertainties 

regarding future socioeconomic developments. In the global phosphorus sector, socioeconomic 

developments, related policy, and technological factors could either facilitate or slow transitions 

to a more sustainable phosphorus future. In preparing for the future and evaluating policy or 

development strategies, socioeconomic factors are critical. A sustainable phosphorus future 

hinges on the cooperation of multiple stakeholders across sectors and scales such as 

governmental bodies, private business, universities, and farmers (Ashley et.al, 2011). The 

following sections provide a qualitative assessment for how future phosphorus consumption 

patterns, technological development, environmental impacts, and opportunities to advance 

phosphorus sustainability could be affected by broad socioeconomic drivers.  

 

0,1%7'!0&)*&7)&#&8*)!+1$,@14-!A00+-B!

In modeling future conditions in any area of economic or environmental systems that are 

affected by human intervention, there is inherent uncertainty in climate outcomes, 

socioeconomic development, and the nature of policy. Shared Socioeconomic Pathways (SSPs) 

describe five alternative plausible development pathways to reflect these uncertainties and 

facilitate policy analysis and modeling, particularly in the sustainability and climate domains. 

SSPs offer different outlooks on population growth, macroeconomic (GDP) growth, cooperation, 

and income inequality (IIASA, 2017) as well as important distinctions in economic and policy 

factors, such as the strength and prevalence of environmental policy. An important feature of the 

SSP narratives is that they are formulated absent of climate change and related sustainable 

development policy assumptions, but instead focus on socioeconomic drivers (O’Neill et.al, 

2014). Shared Socioeconomic Pathways serve to evaluate future interventions for a particular 
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economic sector or policy objective under different baseline assumptions that can affect the 

relative ease of achieving intended targets.  

The goal of SSPs is to provide easily understandable alternatives for the future that 

evaluate how varying levels of climate change and climate policy will impact the reference 

future (O’Neill et al., 2014). Other sustainability domains have applied the logic of the SSPs to 

create narratives that reflect a greater level of nuance for a particular system. For example, work 

by Daigneault et al. (2019) discusses Forest Sector Pathway narratives that align with the SSPs. 

Each of the five possible futures are unique in their assumptions about the future (Table 1). 

 

$4FG7%M+%Y7C=8-56-<>%<D%637%##@%Q48846-,7C%4>;%=34GG7>P7C%6<%?-6-P46-<>%4>;%4;45646-<>+%

SSP 1 Taking the Green Road Low challenges to both adaptation and mitigation 

SSP 2 Middle of the Road Moderate challenges to both adaptation and mitigation 

SSP 3 Regional Rivalry High challenges to both adaptation and mitigation 

SSP 4 A Road Divided  Low challenges to mitigation, but high challenges to 
adaptation 

SSP 5 Fossil-Fueled 
Development  

Low challenges to adaptation, but high challenges to 
mitigation 

 
 

SSP 1 describes a world with hyperfocus on sustainable futures, including strong 

environmental and social wellbeing goals along with a globally connected world (O’Neill et al., 

2017). Green growth paradigms, such as the SDGS, are globally accepted and worked toward on 

a large scale (Van Vuuren et al., 2017). Environmentally friendly technologies and policies, 

reduced waste, economic growth, global cooperation, and decreased population influence the 

state of the world. In SSP1, final energy demand increases but the source of energy is primarily 

through renewable energy, with 65% of energy demand met by renewable sources (Van Vuuren 
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et al., 2017). Policies to reduce poverty and hunger are commonplace in SSP1 and as such, the 

demand for crops and livestock are high (Figure 1). Land use changes are primarily driven by the 

demand for food. However, policy and technology developments and improvements strengthen 

environmental policies around farming and increase the efficiency of production methods (Van 

Vuuren et al., 2017). Globally, human diets become less meat intensive which reduces the 

consumption of animal products, decreasing the demand for feedstock and livestock all together 

(Figure 1). All this together, agricultural lands decrease in acreage, allowing natural land cover 

to increase (Van Vuuren et al., 2017).  

SSP2 describes a future that does not differ from historical trends (O’Neill et al., 2017). 

Population and GDP growth lay in between that of SSP1 and SSP3 (Fricko et al., 2017). In the 

energy sector, there is a medium transition to electrification and use of renewable energy, but 

this is done slowly (Fricko et al., 2017). The demand for food is still the main driver of land use 

change in SSP2, but unlike SSP1, agricultural land increases. Intensification of agriculture is 

moderate under SSP2 and varies by region. There are moderate improvements to crop yield and 

production efficiency as well as livestock production, since meat is still a primary part of the 

global diet (Figure 1; Fricko et al., 2017).  

SSP3 and SSP4 describe worlds that is heavily impacted by inequality. In SSP3, 

inequality varies by country due to growth in nationalism and self-interest whereas SSP4 

describes a world where inequalities are both across countries and within (O’Neill et al., 2017). 

Varying levels of equality and cooperation slow development and advancements (O’Neill et al., 

2017). Under SSP3, energy sources vary by country due to lack of trade (Fujimori et al., 2017). 

Globally, traditional biomass fuels are still preferred, and the adoption of renewable energy is 

low (Calvin et al., 2017). In SSP4, sources of energy vary by high, medium, and low-income 
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countries. High- and medium-income countries are more inclined to use renewable energy 

because they have the technology and policy to support it, whereas low-income countries still 

prefer traditional sources (Calvin et al., 2017). Land use changes under SSP3 are driven by 

population growth, demand for animal products, slow economic growth rates, and low 

intensification of livestock production (Fujimori et al., 2017). Minimal environmental policies to 

govern agriculture exist under SSP3 (Calvin et al., 2017). In SSP4, land use is again driven by 

food demand. In high- and medium-income countries the demand for food is greater than in low-

income countries, however all three still consume large amounts of meat (Figure 1; Calvin et al., 

2017). High- and medium-income countries have limited environmental policies to govern 

agricultural land, but low-income countries do not have any environmental policies in place 

(Calvin et al., 2017).  

Finally, SSP5 describes a world opposite to SSP 1 (O’Neill et al., 2017). SSP5 describes 

a world of fast growth fueled by social wellbeing and capital gains. In this future, the 

environment is second to growth, which is the distinguishing factor from SSP1 (O’Neill et al., 

2017). Under SSP5, the global population increases due to improvements in social systems, such 

as education and health (Figure 1; Kriegler et al., 2017). Energy demand is primarily met through 

fossil fuels and natural gas (Kriegler et al., 2017). Due to low public acceptance and policy 

support, renewable energy adoption and implementation are limited under SSP5 (Kriegler et al., 

2017). The demand for food remains a key driver to land use and crop lands expand to meet the 

needs of the population (Figure 1; Kriegler et al., 2017). Meat remains a common part of the 

human diet and food waste is common under SSP5. Figure 1 shows SSP baseline trends for 

population growth, GDP growth, and changes in livestock and crop production.  
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SSPs lack the detail needed for a regional or sectoral policy analysis because they focus 

on broad drivers of socioeconomic development. Several studies have adapted the SSP 

frameworks to capture the nuance of individual systems or sectors, such as forestry, land use, and 

energy. The application of SSPs include direct use of the pathways in modeling analysis or to fill 

in gaps in sector specific knowledge about future development.  

Several sectors have applied the logic of the SSPs to create specific narratives. Land use, 

energy, and emissions projections have applied the SSP framework to explore the future 

outcomes of land use, energy, and emissions under the different scenarios. These applications 

couple the narratives with quantified aspects to create plausible projections across the narratives 
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(Riahi et.al, 2017). The plausible futures of energy use and infrastructure development will have 

an impact on phosphorus flows because of its role in a renewable energy transition. Phosphorus 

will play a key role in renewable and clean energy technologies and thus, changes in energy use 

and infrastructure will impact phosphorus demand and use. Population growth is one of the key 

drivers noted in the original SSP literature and further research has developed various population 

growth and demographic assumptions across the different narrative pathways (KC & Lutz, 

2017). Rates of urbanization will vary across the SSPs and will impact land use trends and 

development (Jiang & O’Neill, 2017).  

Other sectors have adopted the SSP narratives and crafted sector specific narratives to be 

incorporated into models. For example, Forest Sector Pathways (FSPs) detail SSP narratives 

specific to the future of forests (Daigneault et.al, 2019). The FSPs facilitate a global forest model 

inter-comparison effort discussed in Daigneault et al. (2022). similarly, Ocean System Pathways 

detail five ocean specific pathways (Maury et.al, 2017) and facilitate modeling efforts. 

The SSP framework provides an overview of plausible socioeconomic development, but 

there are some aspects of development less defined by the narratives. Institutional capacity is one 

of the original drivers identified in the SSP framework, but discussion about law and governance 

is left out or glossed over at best in most SSP-oriented modeling studies. Discussions around 

challenges to mitigation and adaptation, which include legal and governance factors, are often 

opaquely referenced. Law and governance are critical to the success or failure of environmental 

and sustainability policy initiatives. Four factors of governance to include in SSP narratives are: 

long-term objectives, effectiveness of institutional and regulatory instruments, flexibility and 

adaptability of a system, and the inclusion of justice principles in policy (Triyanti et.al, 2023). 

Objectives centered around sustainability, equity, and green growth will manifest as policies that 
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require the same. The criteria for assessing and implementing as well as enforcing laws is 

important because loopholes in policies or weak enforcement mechanisms can lead to unintended 

outcomes and shallow effects. Socioeconomic and environmental systems are complex and 

mobile systems, so as new technology develops and research is conducted, social institutions 

may have difficulty keeping up with the pace of these changes, which could hold back progress 

(a negative feedback loop). Finally, the inclusion of justice principles will facilitate equitable 

distribution of development. A lack of justice in policy can perpetuate inequality both across 

countries and within them. The following table outlines the relative role of governance and legal 

institutions under SSP developments.    

 

$4FG7%9+%0<G7%<D%P<,78>4>=7%4>;%G4A%4=8<CC%637%F4C-=%##@C%

 
Objective Effectiveness of Institutional & 

regulatory instruments 
Flexibility Justice  

SSP1 Global sustainability   Strong High High 

SSP2 Regionally dependent  moderate Moderate  Moderate 

SSP3 National security and self 
interest 

Regionally dependent Moderate Moderate 

SSP4 Growth without equity 
considerations 

Regionally dependent Moderate Low 

SSP5 Social capital and capital 
gain  

Strong High Low  

 

!
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The expansive SSP literature currently ignores phosphorus and more broadly, the 

fertilizer sectors. Agriculture, land use, and food security are among topics regularly researched 
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using the SSP framework. Agriculture is a key sector to many areas and directly impacts 

economic growth, food security, and land use (Runowski et.al, 2009). Agriculture is a land 

intensive sector and land use decisions across SSP narratives will impact how and where 

agricultural opportunities are, how they impact the surrounding environment, and the economy 

(Popp et.al, 2017; Li et.al, 2024; Winkler et.al, 2021). Across the SSP narratives, fertilizer, 

specifically phosphorus, inputs generally increase but at varying rates (Mogollon et.al, 2018). 

Climate policy drivers and environmental change affect these flows and could result in 

reductions in fertilizer use through land management changes at the intensive and extensive 

margins (Gong et al., 2024a and 2024b). Country specific variations exist as well with larger 

demands in developed countries and less so in developing countries. In addition, exogenous 

factors in the supply chain of fertilizers can restrict availability, causing a rippling effect in the 

agricultural industry. Crop production is projected to increase across the SSP narrative and with 

that phosphorus fertilizer will too (Mogollon et.al, 2018). Shifts in diet will further impact 

agriculture and crop production in the future (Alessandrini et.al, 2020; Wu et al., 2021).  

There is inherent tension between socioeconomic and environmental goals in any attempt 

to achieve sustainable development goals (Spaiser et.al, 2017). Targeting one goal can adversely 

affect others without proper consideration.  Fertilizer use is critical to both socioeconomic 

development and environmental sustainability. As such, future changes in key components are 

important to identify. The key components of fertilizer use are land use, diet, environmental 

regulation/policy, population, technology development, and material sources. Land use and the 

aggregate demand for fertilizers depend on regional socioeconomic growth, energy costs, dietary 

preferences, and total productivity growth for crops and livestock (Wu et al., 2023). On the 

technology front, genetics, precision application technologies, and lower-cost soil 
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sampling/monitoring methods can increase fertilizer use efficiency. These developments greatly 

depend on the type of future that unfolds.  

A vital component of agricultural systems and the global fertilizer sector is phosphorus, 

which influences the future of fertilizer production and use because it is the limiting factor of 

crop growth and its positive and negative impacts are felt globally.  Much like fertilizer use, 

phosphorus use, management, supply, and demand will have a profound impact on sustainable 

development in the future due to system interdependencies between the global phosphorus 

sector, the global food system, land and aquatic ecosystems, and the macro-economy. Physical 

and anthropogenic phosphorus stocks are complex and as such, phosphorus-specific pathways 

that align with the general logic of the SSPs help explain key drivers of phosphorus flow 

changes, barriers (or opportunities) to achieve improved sustainability, and the relative impacts 

across the Shared Socioeconomic Pathways development scenarios. 

Like with other sectors, the future of phosphorus sustainability depends on 

socioeconomic factors that face uncertainty. Analysis of phosphorus interventions and global 

pathways to phosphorus sustainability requires a clearer delineation of expected baseline 

developments. Including assumptions regarding future changes in key phosphorus system 

components like phosphorus use efficiency, baseline adoption of new technologies, soil 

phosphorus mining rates, and changes in overall demand for phosphorus both within and outside 

of the global food system is critical.  
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The following sections outline the general logic of Phosphorus Specific Pathways (PSPs) 

that align with the framing of the SSPs.   
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Global governance sets clear long-term sustainability goals for policy initiatives, 

regulations, and laws to follow. Globally, there are effective institutional and regulatory 

instruments in place to implement and enforce environmental regulation, law, and policy. Legal 

systems are flexible and able to quickly adapt to changing socioeconomic conditions (Triyanti 

et.al, 2023). New policies easily move through the system to keep up with political, social, and 

economic developments. Global cooperation is high which allows for ease of knowledge and 

technology transfer as well as limited barriers to trade. Strong cooperation between countries 

allows for the increase in technology transfer especially in emerging markets (IMF, 2018). 

Economic growth is high in low- and medium-income countries as inequality is reduced due to 

investments in environmental and social wellbeing. Overall, economic growth is moderate and 

steady throughout the century (O’Neill et al., 2017). Across and within countries, areas 

experience a decrease in Gini Index which signals the reduction of inequality (Rao et al., 2019). 

Mined commodities, such as phosphate rock, are easily traded around the world and policy 

supports an ease of global trade (World Economic Forum, 2023).  Due to the strength and 

objectives of governance systems, environmental policies are well defined and enforceable. 

Environmental policies include topics such as: Total Maximum Daily Loads, water quality 

standards, and runoff monitoring.  

To maintain environmental quality, phosphate mines and fertilizer productions are 

strongly regulated. Stronger and more stringent regulations prompt mining companies to develop 

and implement cleaner technology both for the mining process and monitoring of soil and water 

quality (Andersen & Noailly, 2022). As a result of the strong policy and technological 

development and implementation, eutrophication and other nutrient pollution are reduced by 10-
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20% relative to a business-as-usual scenario (Grizzetti et al., 2021; EPA, 2024). Sustainable 

markets are at the heart of economic growth and investment. Practices such as environmental, 

social, and governance (ESG) products are demanded more by both individual and business 

investors and thus investments in sustainable markets increase (Guatam et.al, 2022). The 

environmental benefits from reducing phosphorus output into the environment are internalized 

into economic evaluations resulting in economic benefits including environmental, social, and 

fiscal. Thus, resulting in economically feasible investments in phosphorus management 

interventions (Molinos-Senante et.al, 2011).  

The economic feasibility of phosphorus recovery is greatly increased due to facilitating 

policy environment and public investment in recovery/reuse infrastructure. Investments in 

phosphorus recovery technologies, monitoring systems, and crop efficiency are high relative to 

all other SSPs and allow for accelerated development and adoption. A global circular phosphorus 

economy flourishes with the ease of access to recovery and reuse technology as well as policies 

that support a circular phosphorus economy.  

Nutrient trading markets are a prominent mechanism to reduce phosphorus pollution and 

create more sustainable markets. Both point-, such as stormwater treatment plants, and nonpoint- 

polluters, such as agricultural operations, are involved in nutrient trading markets and strong 

policy limit barriers to credit trade. Strong regional cooperation allows ease of trade across state 

and county lines, leading to watershed wide improvements (Jones et.al, 2017). Because of the 

investment in technology and the support of policy, technology development rapidly increases 

and implementation of phosphorus recovery technology, accurate monitoring systems, and 

improvements in crop efficiency increases.  
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Education access is high globally and environmental education is incorporated across all 

education levels. As a result, public awareness and understanding of phosphorus sustainability is 

high (Khatibi et.al, 2021). Research into phosphorus sustainability increases in educational 

facilities, which elevates phosphorus sustainability in the public consciousness.  

Increases in education and health access broadly result in a population decrease over time 

in many regions which alleviates the pressure on the global food system (KC & Lutz, 2017). 

Population peaks around 2050 and begins to decrease through the latter half of the 21st century. 

The human diet mainly consists of a much higher portion of unprocessed and plant-based foods 

relative to current diets (Alessandrini et.al, 2020), which has an aggregate effect of reducing 

fertilizer demand relative to a business-as-usual scenarios with a larger global area of cropland 

devoted to intensive feed grain cultivation to support the livestock. Food waste is reduced 

because of the global transition to less meat intensive diets and changes in social behaviors (Van 

Vuuren et al., 2017).  Phosphorus reuse and recycling technology developments allow 

phosphorus to be recovered from food waste and integrated back into other uses (Mokjatturas 

et.al, 2024). Globally, livestock production decreases after 2050 (Figure 2) and crop production 

plateaus as population decreases and advancements across sectors allow food security needs to 

be met (Figure 2).  

To supplement (and in some cases replace) synthetic fertilizers, alternative sources of 

phosphorus - such as from animal and human waste streams - are more commonly used in 

fertilizer production. Alternative sources of phosphorus aid in limiting the demand for mined 

phosphate rock (Mogollon et.al, 2018).  

With sustainable development goals and policy at the forefront of governance, economic, 

and social systems the energy sector transitions towards using predominantly renewable energy 
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(Riahi et.al, 2017; Bauer et.al, 2017). The development and use of electric vehicles greatly 

increases globally. National policies, such as subsidy and credit programs (IEA, n.d.), promote 

the use of electric vehicles widely. In addition, rapid technology advancements reduce both 

economic and technical barriers to electric vehicles. Individual vehicles and heavy-duty vehicles 

are electrified. The mineral demand to produce batteries for electric vehicles increases globally 

and there is an increased demand for phosphorus from the electric vehicle sector. Investment in 

recycling and recovery technology allows some of the demand for phosphorus to be met through 

recycled sources while the remaining demand is sourced from phosphate rock (Xu et.al, 2020).  

Competition between the agricultural sector and electric vehicles is minimal because of 

the decrease in fertilizer use globally and increase in alternative and recycled phosphorus supply 

(Spears et.al, 2020). Strong policy focused on phosphorus sustainability ensures both agriculture 

and electric vehicles meet their phosphorus requirements.  

 

##@9:%$37%I-;;G7%0<4;%%%

The world follows a path that does not deviate from the historical trend. The objective of 

governance is nationally dependent, and sustainable objectives exist in high-income countries 

while low-income countries set less sustainable objectives. The effectiveness of policy varies. 

High-income countries face low barriers to implementing and enforcing policy while weak 

institutional and regulatory institutions in low-income countries decrease the effectiveness of 

policy, regulation, and law focused on environmental sustainability. Globally, governance is 

slowly increasing and inflexible to socioeconomic changes (Triyanti et.al, 2023). Economic 

growth is moderate globally and some areas make quicker advancements than others (O’Neill et 

al., 2017). Mild reductions in inequality are made globally, especially in developing economies 
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(Rao et al., 2019). Global cooperation is imperfect which slows the sharing of knowledge and 

technology. Technology from emerging markets slowly spreads between countries and countries 

begin implementing policies to secure domestic supply of minerals, such as phosphate (de 

Ridder, 2012). There are limited mechanisms to set environmentally focused policy and enforce 

standards and loopholes in laws decrease the effectiveness of policy. Global conferences meet to 

begin discussing and setting global environmental policy, but environmental policy remains a 

country specific task (United Nations, n.d.). Because the objectives of policies vary, 

environmental policy is not a main priority and is regionally dependent. Developed economies 

implement more environmentally friendly policies, such as nutrient trading markets for water 

quality, while developing economies do not (World Resource Institute, 2009). Due to policy 

strength and the technology available, nutrient reduction is only around 3% (Grizzetti et al., 

2021). As a result, environmental degradation continues and improvements in water quality are 

regionally dependent (Brownlie et al., 2022).  

Global markets are easily disrupted by political and natural shocks, limiting the ease of 

trade. While most global markets are disrupted by political tensions, investment funds are 

particularly sensitive. Investments between countries with diverging policies are especially weak 

(Catalan et.al, 2023). There is limited momentum toward a sustainable global economy based on 

principles of circularity, and instead sustainable markets exist at a regional scale. Benefits of 

these markets remain localized to areas with policies and structures that support them without a 

globally connected green economic system. A circular economy for phosphorus only exists on 

small local scales. Some investors and individuals seek investments and as such the demand for 

more sustainable investments is slow. The inclusion of environmental and social benefits in 

economic analysis is slowly increasing. Investments in alternative markets and phosphorus 
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recovery, monitoring, and technological improvements in crop efficiency are relatively slow 

without a global market. Phosphorus recovery technology, monitoring systems, and crop 

efficiency advancements are slowly increasing and adoption is limited.  

Educational access is unequal and generally higher in high-income countries and lower in 

low-income countries. Environmentally focused education occurs at the local level, limiting 

wider public awareness and pro-sustainability behaviors (Meyer, 2015). Phosphorus 

sustainability continues to receive limited attention relative to other environmental challenges 

such as global climate change. Public awareness and understanding of phosphorus sustainability 

challenges is limited globally and mainly exists among well-educated groups.  

Educational and health access broadly do not deviate much from the historical trend and 

as a result, population growth slowly increases (KC & Lutz, 2017). Low-income countries will 

account for most of the population growth (Office of the Director of National Intelligence, 2021) 

and will peak around 2040 (O’Neill et al., 2017). Diets consist primarily of meat and highly 

processed foods which continue to require crop production for animal feed. Food security 

increases slowly in developing countries (Alessandrini et.al, 2020). Food waste remains high, 

especially in retail markets (Mokjatturas et.al, 2024). Food waste reduction and phosphorus 

recovery from waste is limited because phosphorus recovery and reuse technology are minimally 

used.  

The slowly increasing population and consumption of meat puts continued pressure on 

the food system and fertilizer use (Mogollon et.al, 2017). Most of the fertilizer used is sourced 

from phosphate rock, but the use of alternative sources, such as manure and human urine, occurs 

in small scales as supported by localized policy interventions. The energy transition follows 

historical patterns and fossil fuels remain the dominant energy source. A green energy transition 
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is slow relative to SSP1 (Riahi et.al, 2017; Bauer et.al, 2017). Development and adoption of 

electric vehicles are increasing gradually, but remain locally dependent on income, charging 

station availability, and supply of vehicles (Hardman et.al, 2021). The use of electric vehicles 

increases in high-income regions and stays steady in low-income regions. National policies, such 

as subsidies and credit programs, encourage the use of electric vehicles which leads to the steady 

increase. The mineral demand to produce electric vehicles increases and there is an increased 

demand for phosphorus from the electric vehicle sector. Increased use of lithium iron phosphate 

(LFP) batteries occurs because of their lower production costs and higher power density. 

However, due to their sensitivity to price spikes, LFP are less common than lithium-ion 

batteries.  

Minimal investment and advancement in recycling and recovering phosphorus results in 

the main source of phosphorus being mined phosphate rock. Competition between the 

agricultural sector and electric vehicle sector is moderate (Spears et.al, 2020). The moderate 

demand for fertilizer in agriculture requires a substantial amount of phosphorus from mined 

phosphate rock and recycled or recovered sources, which occur on a local scale. However, the 

demand for phosphorus by electric vehicle manufacturers slowly increases due to the regionally 

dependent demand for electric vehicles and slow adoption of LFP batteries.  
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The objective of governance varies greatly by region, with a focus on self-interest and 

limited regional cooperation. Most policy objectives are centered around improving national 

security and domestic resource and material production.  The effectiveness of institutional and 

regulatory institutions is regionally dependent and is high in areas with strong governments and 
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low in areas with weaker government structures. Governance remains largely inflexible to 

socioeconomic change (Triyanti et.al, 2023). Global cooperation is low and as a result 

knowledge and technology transfer is limited. Technology from emerging markets is not globally 

traded and global phosphorus markets and trade dramatically decrease.  Resource nationalism is 

a common policy and governance focus, especially in the face of meeting domestic food security 

goals (Dou et.al., 2023). Policies such as tariffs, quotas, and taxes are used in producing 

countries to limit exports and sustain domestic supply of phosphorus and production of fertilizers 

(de Ridder et.al., 2012). The implementation of policies that promote self-interest and limit trade 

results in an overall slow economic growth (O’Neill et al., 2017). Inequality, especially across 

counties, increases, resulting in an increase in the Gini Index of all regions (Rao et al., 2019). 

There is increased focus and exploration into domestic mining projects to secure a domestic 

source of phosphate. Environmental policies decrease at varying rates because policy objectives 

set national security goals as a priority. There are limited global environmental standards. 

Environmental degradation steadily increases in the absence of policies and the need for 

domestic production of crops and mined commodities.  

Trade restrictions limit phosphate imports and exports globally, resulting in continued 

legacy phosphate mining in developing regions that already face critical phosphorus limitations 

in agricultural soils and are unable to access fertilizer supplies at higher costs. Countries without 

a steady supply of phosphate or the capability to build strong global relationships, struggle to 

import phosphorus and therefore have a decreased supply. Economic growth and investments 

focus on domestic production of goods and services. Without strong government and social focus 

on environmental issues, the existence of sustainable economic markets decreases. Investments 

in phosphorus recovery, monitoring, and crop efficiency technology decrease. Novel 
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technologies struggle to compete with conventional methods and current fertilizer sources on a 

cost basis because of the lack of financial backing to new technologies (Barquet et.al, 2020). In 

addition, environmental benefits are not at the forefront of policy, and as a result, are absent from 

economic analysis, such as of the implementation of urine diversion technology in building 

(Crane et al., 2024). Ultimately, phosphorus recovery technology isn’t economically feasible and 

thus not invested in (Molinos-Senante et.al, 2011).   

Educational access broadly is unequal and regionally dependent. Education focuses on 

national interest and security and as such, environmental education is limited. Public attention is 

mainly focused on national security and public awareness of environmental issues, especially 

phosphorus sustainability, is limited.  

Due to fragmented access to education and health, the global population continues to 

grow disproportionately. Low-income countries experience an increase in population while high-

income countries see a minor decrease (KC & Lutz, 2017). Diets primarily consist of traditional 

food sources, where regional nutritional deficits persist, with growing inequalities around access 

to sufficient nutritional food sources (Alessandrini et.al, 2020). Diets become increasingly 

constrained by what can be produced locally or sourced from regional trading partners without a 

trade and market constraints which drive up food costs. In areas without a strong agricultural 

sector, food insecurity increases. Fertilizer use is high in areas with a domestic supply but 

decreases over time relative to SSP2 and SSP1 scenarios in areas without a domestic supply 

source, particularly for phosphorus fertilizers, due to global trade restrictions and under-

investment in phosphorus recycling. Crop yield growth decreases due to the limited transfer of 

technology and fertilizers.  
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A green energy transition is slow and only exists in hyper local settings (e.g., 

municipalities with relatively high-income growth that are insulated from lower international 

trade). Fossil fuels are the dominant source of energy globally (Bauer et.al, 2017). Development 

and adoption of electric vehicles varies greatly by region and is generally limited. Minimal focus 

of policy on sustainability goals limit policy incentives for electric vehicles globally. Lack of 

global cooperation limits the trade of minerals needed to produce electric vehicles. In regions 

with the mineral supply and manufacturing capabilities, the use of electric vehicles slowly 

increases (Xu et.al, 2022). In regions without the mineral supply and manufacturing capabilities, 

the use of electric vehicles does not increase and gas-powered vehicles remain the overwhelming 

majority of vehicle types. Competition for phosphorus between the agricultural sector and 

electric vehicles is high (Spears et.al, 2020). With political, economic, and social focus on 

national security, agriculture is a top priority for all regions because food production is 

necessary. Priority for phosphorus demand often goes to agriculture over electric vehicle 

production. Regions that are developing and producing electric vehicles are mainly using 

lithium-ion batteries and LFP batteries are used much less often.  
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Little improvement is made in governance due to the high levels of inter-regional and 

cross-country inequality. Policy objectives set goals of growth and little focus on equity and 

justice principles. In high-income countries, objectives focus more on sustainability goals and in 

low-income countries concerns over conflict and food security drive policy objectives. The 

effectiveness of institutional and regulatory instruments varies by region and are stronger in 

high-income countries and weaker in low-income countries. Globally, a well-established political 
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and business class allow for some flexibility and adaptability in governance systems, but the 

benefits of policies benefit the influential class more (Triyanti et.al, 2023). Global cooperation is 

stratified, and countries of similar wealth cooperate, and low-income countries are not included. 

Knowledge and technology transfer and trade exist between countries of similar socioeconomic 

status.  Phosphate producing countries set policies such as tariffs, quotas, and taxes to limit 

exports and sustain domestic stock to be used in fertilizer production and other industries (de 

Ridder et.al., 2012). Transfer of novel technologies occur between countries of similar wealth, 

driving further inequalities (IFM, 2018). Some trade occurs, but it is primary between countries 

of similar wealth and standing.  

Phosphorus trade limits cause resource nationalism to become an objective of policy in 

countries with a domestic supply. Environmental policy is localized, with limited global 

environmental policy efforts relative to SSP1 and SSP2 futures. Environmental policy increases 

in high-income countries but is limited or decreased in low-income countries due to lack of 

representation in political institutions and education (O’Neill et al., 2017). As a result, 

environmental degradation remains steady as disproportionality impacts low-income countries. 

Economic growth is moderate in high and medium-income countries while low in low-income 

countries (O’Neill et al., 2017). Within countries, power and wealth is held by small groups, 

driving inequitable growth within countries (O’Neill et al., 2017). Across all regions, countries 

experience an increase in the Gini Index, signaling worsening income inequality through the 

century (Rao et al., 2019).  

Due to the disproportional distribution of wealth, investments in phosphorus recovery, 

monitoring, and crop efficiency technologies are minimal. A circular phosphorus economy exists 

on a small scale where environmental benefits are internalized into economic evaluations, and in 
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these contexts, investments in phosphorus recovery technology increase (Molinos-Senante et.al, 

2011). There is increased investment and interest in exploration and mining projects at a country 

level, especially in the face of sustainability and development goals set by individual countries. 

Development and access to phosphorus recovery, recycling, and cross efficiency technology is 

high in high-income countries and low in low-income countries. Strong regulatory instruments 

and policy objectives in high-income countries, propel technology developments and 

investments to meet regulatory requirements.  

With increased inter-regional inequality, education access grows in high-income 

countries and remains low in low-income countries. Environmental education occurs on a local 

scale and is more apparent in high-income regions (Philippssen et.al, 2016). Public awareness of 

phosphorus sustainability is unequally distributed and limited to areas with strong educational 

systems. Population growth decreases in high-income countries and steady increases in low-

income countries (O’Neill et.al, 2017). Diets are highly dependent on wealth. In high-income 

areas, diets are more versatile and contain more meat whereas low-income areas have cheaper 

and simpler diets. Food insecurity and malnutrition is high in low-income areas (Alessandrini 

et.al, 2020). Fertilizer use decreases in high-income countries due to the availability of 

alternative sources and less pressure on the food system and increases in low-income countries 

due to the increase in population (Mogollon et.al, 2018; KC & Lutz, 2017). A green energy 

transition is slow and highly regionally dependent. This is a moderate push for non-fossil fuel 

energy sources, primarily nuclear, but due to income inequality and technology shortfall, 

innovative uses are limited (Bauer et.al, 2017).  

Electric vehicles use increases in high-income countries and does not change in low-

income countries. Political, economic, and social sustainability objectives in high-income 
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countries lead to the increased use of electric vehicles for both individual vehicles and heavy-

duty vehicles. However, in low-income countries concerns over conflict and food security limit 

support and therefore use of electric vehicles. Mineral demand for electric vehicles is increasing 

unequally and is high in high-income countries but is overall low. The competition for 

phosphorus between agricultural and electric vehicles is moderate (Spears et.al, 2020). In high-

income countries, the availability of recovered or recycled sources of phosphorus and decreased 

fertilizer use limit tensions between the two sectors. In low-income countries, the need to 

improve food security sets agricultural demand for phosphorus as a priority over electric 

vehicles.  
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Global governance sets strong and clear goals of increased welfare and capital gain with 

environmental sustainability as a secondary focus. Globally, institutional and regulatory 

instruments are highly effective and ensure policies are enforced. Governance systems are highly 

flexible and change easily with socioeconomic conditions (Triyanti et.al, 2023). There is no push 

to promote phosphorus sustainability widely without policy explicitly focused on it. In addition, 

a lack of policy centered around mineral sustainability, specifically phosphorus, limits the ability 

for a circular economy to form because industries such as agriculture, fertilizer production, and 

wastewater management are not connected in a way that promotes the development of new 

technologies and methods of reuse (Barquet et.al, 2020).  Global cooperation is strong, and 

integrated markets allow for increased flow of knowledge, technology, and ease of trade. The 

highly connected global world allows for novel technologies to easily transfer globally (IFM, 

2018). Strong global cooperation allows for mined commodities to be easily traded around the 



 

 

 

36 

world (World Economic Forum, 2023). International phosphate trade is high and the demand for 

phosphate fertilizer increased due to the lack of trade barriers and focus on social wellbeing. 

Environmental policy decreases due to capital gain policy goals and degradation increases 

without a lack of regulation and policy. Phosphorus scarcity increases due to demand, but little 

investment is made in alternative sources.  Economic growth is high globally and large 

investments are made in mining and agricultural technologies. Inequality is largely reduced, 

especially in low-income countries due to global cooperation and governance goals of well-being 

(Rao, et al., 2019).  

Environmental benefits play a minimal role in policy and development, and these 

typically are not included in economic analysis and project planning. Minimal investment is 

made in phosphorus recovery technology, limiting the existence of a circular phosphorus 

economy (Molinos-Senante et.al, 2011). 

Global economic growth and investment in social wellbeing, increases access to 

education globally (O’Neill et.al, 2017). Environmental education is limited and as a result, 

public awareness of environmental issues, such as phosphorus sustainability, is limited.  

Global population increases until 2050 and then steadily decreases through the end of the 

21st century, with growth driven by increased access to education and healthcare (KC & Lutz, 

2017). Low-income countries experience the bulk of the population growth but eventually begin 

to decline as social conditions improve. Diets consisting of meat, superfoods, and new food aim 

to increase social wellbeing globally and as a result, malnutrition disappears (Alessandrini et.al, 

2020). However, resource competition and a lack of environmental consciousness exacerbates 

the environmental impact of the food system, and increased affordability of food expands food 
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waste globally. Food insecurity and malnutrition decreases globally due to international 

cooperation and technological advancements.  

A green energy transition is limited because of national goals and policy objectives and 

fossil fuels remain the primary energy source (Riahi et.al, 2017). However, electrification 

increases globally with rapid and global technological development (noting that electrification is 

supported by continued fossil fuel extraction). As the demand for private modes of transportation 

grows, the development and adoption of electric vehicles dramatically increases due to global 

focus on social welfare and capital gain (Bauer et.al, 2017). Strong global cooperation and lack 

of trade barriers allow for the global spread of electric vehicle technology and manufacturing. 

LFP batteries became the dominant battery type because of the relatively cheaper production cost 

and high-power density (Xu et.al, 2022). Electric vehicles are commonplace as both individual 

vehicles and heavy-duty vehicles globally. The mineral demand of electric vehicles rapidly 

increases, and improved mining technology increases the availability of phosphate rock.  

Competition between agricultural and electric vehicles for phosphorus is high, especially 

with the predominant source of phosphate being through mining (Xu et.al, 2022). Mined 

phosphate rock remains the primary source of phosphorus for both agricultural and electric 

vehicle production because of limited investment in alternative sources. A large demand for both 

agricultural goods and electric vehicles increases the demand tension for phosphorus between the 

two sectors. Limited policy or economic mechanisms exist to appropriately distribute phosphorus 

between agricultural and electric vehicle sectors.    
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Shared Socioeconomic Pathways for phosphorus sustainability reveal five distinctive 

stories about how the world could develop in the future. Each future details socioeconomic 

drivers and their impact on future adaptation and mitigation (Table 3).
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PSP1 PSP2 PSP3 PSP4 PSP5 

OA/@8A(
O/P9.,8,29 ( 

Strongly centered 
around sustainability 
goals.  Effective 
institutional and 
regulatory 
instruments to 
implement and 
enforce policy  

Centered around 
sustainability with 
effective 
instruments to 
implement and 
enforce policy in 
high-income 
countries  
Limited 
sustainability goals 
and ineffective 
instruments in low-
income countries   

Strongly centered 
around self-interest 
and national security 
goals. Strength of 
institutional and 
regulatory 
instruments are 
regionally 
dependent.  

Centered around 
growth and set 
minimal equity 
goals. Strength of 
institutional and 
regulatory 
instruments varies 
by region.   

Strongly centered 
around increased 
welfare and capital gain 
with limited goals 
around sustainability. 
Strong institutional and 
regulatory instruments 
to enforce policy.  

OA/@8A(
!//?9.8-3/, ( 

High Moderate moderate Moderate and 
separated based on 
wealth  

High 
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Strong policy and 
limited 
environmental 
damage 

Limited mechanisms 
to set and enforce 
environmental 
policy yield limited 
policy initiatives and 
continuing 
environmental 
damage. Efforts to 
enact policy and 
limit degradation is 
regionally dependent 

Varies widely and 
is regionally 
dependent. low-
income countries 
face continued 
environmental 
degradation while 
high-income 
countries begin to 
decrease.  

Policy is hyper 
local and no global 
initiatives exist. 
Environmental 
degradation 
increases in low-
income countries 
and begins to 
decrease in high-
income countries  

Environmental policy 
is hyper local and is 
not prominent at the 
global scale.  

&2/,/:32(
O./;-7(Q(
+,P9=-:9,-=( 

Markets take a 
sustainable focus and 
increased investment 
is made in new 
technology for 
phosphorus 
sustainability  

Global markets are 
easily disrupted by 
outside factors and 
sustainable markets 
are regionally 
dependent. 

Sustainable 
markets decrease 
as more investment 
is made in securing 
national security 

Investments are 
regionally 
dependent and 
unequal globally.  

Economic growth is 
rapid, and investments 
focus on social capital 
and education. Limited 
investment is made in 
sustainable 
development.  

%927,/A/G<(
L9P9A/?:9,-(
Q(#0/?-3/, ( 

New technology for 
phosphorus reuse, 
monitoring, and crop 
efficiency are rapidly 
developed and used 

Slow transition to 
new technologies  

Low High in high-
income countries 
but low in low-
income countries  

Technology 
development focuses 
on mining/agricultural 
technology 
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Global education 
around phosphorus is 
high and public 
awareness of the 
issue is as well 

Education is 
unequal globally. 
Public awareness of 
phosphorus is low 
and slow to increase 

Education and 
public awareness is 
regionally 
dependent and 
limited 

Education access grows in 
high-income countries but is 
still low in low-income 
countries. Environmental 
awareness is high in high-
income countries.   

Education 
access 
increases 
globally.  

$/?1A8-3/,(
O./;-7 ( 

Low Moderate High in low-income 
countries and low in 
high-income 
countries  

High in low-income countries 
and low in high-income 
countries  

High 

L39-(Q(H//0(
6921.3-<( 

Plant based food and 
decreased food waste. 
Food Security is high 
globally 

Mix diet with meat 
as a primary 
protein.  

Food insecurity 
increases in areas 
without a strong 
agricultural sector  

Food insecurity increases in 
areas without a strong 
agricultural sector  

Food 
insecurity 
decreases 
globally  

H9.-3A3R9.(F=9 Low  Moderate High in areas with 
manufacturing 
capabilities and low 
in areas without  

High in areas with 
manufacturing capabilities 
and low in areas without  

High 

#A-9.,8-3P9(
L9:8,0  

Low Moderate High Moderate High 

!3.21A8.3-< High Moderate Moderate Moderate Low 
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The PSP narratives describe global development futures. As seen in all five narratives, 

there are country and regional variations in how each future develops. Because phosphorus 

sustainably spans a variety of sectors and disciplines, potential impact areas are equally 

broad.  The STEPS Center nine Impact Opportunities (IOs) describe opportunities to reach 

phosphorus sustainability in the U.S. Context and are not suited for all countries (STEPS, 2021). 

Table 4 lists and highlights key features of the nine IOs. The IOs represent a broad section of 

opportunities that span different sectors and disciplines (Table 4).!!
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"D!E!F!Optimal 
Use  

Increase phosphorus use efficiency in agriculture through new and 
improved technologies, management strategies, economic strategies, and 
partnership development.  

"D!GF! 
Reclaim Waste 

Increase in phosphorus recovery from animal and farm waste through 
improved technologies, economic incentives, and policy development.  

"D!HF! 
Recover Valued 
Products 

Increase valued phosphorus baked products from wastewater through 
technology development, economic assessment, and partnership 
development.  

"D!I F! 
Reduce Mined 
Waste 

Increase reprocessing and repurposing of mined waste through alternative 
recovery and methods.  

"D!JF! 
Reduce Food 
Waste 

Increase circularity in the food system through reducing food waste, policy 
development, partnership development, and consumer awareness.  

"D!KF! 
Enhance 
Monitoring 

Increase phosphorus monitoring through technology development, 
partnership development, and improved data collection and analysis.  

"D!LF! 
Grow Markets 

Increase markets for sustainable phosphorus technology and products 
through research advancements, policy development, and consumer 
demand.  

"D!M!F! 
Accelerate 
Solutions 

Increase technology solutions through partnership development, policy 
interventions, and technology development. 

"D!NF! 
Increase 
Awareness 

Increase awareness around phosphorus sustainability through education and 
outreach opportunities.  

 

Global socioeconomic development will have long term effects on phosphorus 

sustainability in the U.S. and as such, advancements made in the Impact Opportunities will vary 

depending on the future that unfolds. The success of policy and other strategies in these areas 

will interact with the key drivers discussed in the Phosphorus Specific Pathways outlined in this 
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research. Across the impact opportunities, there are connections to the socioeconomic factors 

identified in the Phosphorus Specific Pathway (Figure 2).  
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Global governance and cooperation have the broadest impact on the Impact 

Opportunities. Additionally, changes in governance within the United States and cooperation 

with other countries will have a trickle-down effect on IO and key drivers. The objectives of 

policy, effectiveness of institutional and regulatory instruments, flexibility to change, and 

inclusion of justice principles could greatly impact not only the types of policies and 

technologies implemented, but their success as well (Triyanti et.al, 2023).  

The goals of governance around the world could have a pronounced impact on 

phosphorus markets and trade flows. Although phosphorus itself is not traded, the phosphate 

rock and phosphate fertilizer markets are important to the future of phosphorus sustainability. 

The state of global governance across the alternative futures presented in the narratives could 

impact wider markets and trade flows especially with a limited number of countries supplying 

the world’s phosphate rock. Market disruptions from exogenous shocks cause disruption to 

phosphate markets. Political instability within a country or region can have radiating impacts. 

For example, unrest caused by The Arab Spring in 2010 led to reductions in phosphate mining 

operations and thus exports from affected countries. In Tunisia, phosphate exports decreased 

from 1 billion USD to about 0.6 billion USD during the initial protests and slowly increased 

again in 2011 (de Ridder et.al, 2012). Stemming from The Arab Spring, continued unrest in 

Syria has had an impact on the country's phosphate mining and export industry.  

In addition to exogenous shocks, deliberate policy mechanisms can impact phosphate and 

phosphate fertilizer trade (de Ridder et.al, 2012). Countries that are phosphate rich and regularly 

export the commodity are using access restrictions, trade barriers, export quotas, and tariffs to 

protect and maintain domestic supply of phosphate (de Ridder, et.al, 2012). Resource 
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nationalism refers to government interventions designed to sustain and grow domestic supply of 

a resource, such as minerals like phosphate (Dou et.al., 2023). One example of this is the 2008 

China tariff on phosphate fertilizers. China imposed a 100-135% tariff on domestically produced 

phosphate fertilizer, decreasing exports by 60,000 tons between 2005 and 2010 (Ridder et.al, 

2012; Brownlie et.al, 2023). The policy came after the country listed phosphate as the third most 

strategic resource. Following the 2008 tariffs, China implemented export quotas in 2012 to 

reduce the export of phosphate fertilizers (de Ridder et.al, 2012). More recently in 2021, 

continued tariffs and trade restrictions further reduced fertilizer exports to maintain a domestic 

supply in China (Bown & Yilin, 2022). Another policy mechanism that impacts phosphate 

fertilizer is the United States is Countervailing Duty on phosphate fertilizer. A Countervailing 

Duty is a tax designed to equalize the price between foreign and domestic products (Sykes, 

1989). In 2021, the US Department of Commerce recommended the US International Trade 

Commission place an almost 20% tariff on Moroccan phosphate fertilizers (US International 

Trade Commission, 2020). The tariff was lowered to about 2% in 2023 after intense backlash 

from US agricultural industry due to the fertilizer price increase the policy caused (National Corn 

Growers Association et.al, 2023).  

Policies aimed at protecting domestic supply and industry align with the global 

governance under PSP 3 where governance is strongly centered around self-interest and national 

security. Institutional and regulatory instruments in regions with phosphate deposits and fertilizer 

manufacturing capacities could be geared toward securing and maintaining domestic supply and 

production. However, areas without those capabilities will face supply shortages. Under PSP3 

and PSP4 phosphorus markets and trade will be restricted due to varying policies mainly aimed 

at domestic success rather than international cooperation, like that in PSP1 and PSP5. Due to 
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different constraints on phosphate markets and trade flows, there is and will continue to be 

increasing exploration into new deposits and alternative sources of phosphorus. The extent and 

success of these projects will depend on the country’s wealth and capabilities. Phosphate mining 

project activity is increasing across both North and South America as well as Africa (KSB 

Mining, 2023).   

Varying levels of global cooperation could also impact a broad number of the Impact 

Opportunities. In PSPs with strong global connection, trade of goods, technologies, and 

knowledge will be strong and promote advancements in areas such as new technologies to 

recover value productions, reclaim waste, and apply fertilizer more efficiently. Innovative 

solutions to phosphorus’ biggest challenges could easily flow across borders. In addition, strong 

global laws and regulations could enhance monitoring because environmental degradation cannot 

move to areas with weaker governmental and political institutions.  
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The strength of environmental policy enacted could greatly impact growth in sustainable 

markets, acceleration of solutions, and public awareness. The type of policy in combination with 

the level of governance and global cooperation, could impact the success of an environmental 

policy in achieving its goal, such as improved water quality. For example, Under an Innovation 

Compensation approach, environmental regulation promotes technological progress to improve 

both efficiency and environmental quality (Ma & Xu, 2022). Innovation Compensation 

Approach is evident under PSP1 where a globally connected world shares focus and priority on 

environmental wellbeing. Institutional support from academic institutions, government 

organizations, other funding mechanisms, and the public support green goals and as such, 
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technological progress is rewarded and driven. However, under a Cost of Compliance approach, 

environmental regulation adversely affects development because the increase in cost drives 

production to areas without regulations (Greenstone et.al, 2012), stalling growth in markets or 

technology. A Cost of Compliance Approach is evident in PSP3 and 4 where varying levels of 

inequality across countries (PSP3) and within (PSP4) create a mismatched level of strengthening 

in governance and policy. Areas that can institute strong environmental policy will do so, but the 

environmental improvements will be slower because not all regions are able to institute and 

enforce policies. The process of leakage, such as “outsourcing” pollution, has occurred since 

developed nations implemented stricter environmental policies (Levinson, 2023). 

 Within the United States, there are distributional outcomes that environmental policy 

aims to tackle. One example pertinent to phosphorus sustainability and the impact opportunities 

is water quality monitoring. Monitoring is important to tracking water quality and improving it, 

but not every area of surface water is monitored. Where and how monitoring locations are 

decided can have equity implications. Water quality stations are more often located in areas with 

lower social vulnerability (Oates et al., 2024). Degraded water quality in these areas can go 

understudied and unaddressed, negatively affecting an already vulnerable population (Oates et 

al., 2024). Although there are numerous considerations behind where monitoring stations go 

(Oates et al., 2024), socioeconomic factors must be considered as well. Under PSP4, the 

disproportionate distribution of monitoring stations could continue due to the regional inequality 

defined by this pathway. However, under PSP1, equity considerations would be included in 

decision making processes, providing more comprehensive and widespread access to 

monitoring.  
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Variations in levels of economic growth and investments could largely impact the growth 

market IO. Not only is the amount of growth important, but how economies are developing and 

what investments are being made are key components of the PSP narratives. High Quality 

Economic Development (HQED) considers the environment, industry, regional cooperation, and 

economic development in decision making and planning (Zhu et.al, 2014). Under PSP1, the 

environment is at the forefront of decision making and development. As a result, large 

investments are made in new technologies, such as recovery and reuse technologies, crop 

efficiency, and monitoring technologies which move the country, and the rest of the world, 

toward a more phosphorus sustainable world. PSP 3 and 4 detail futures where regional 

cooperation is not considered in economic growth or investment decisions.  Under PSP5, HQED 

lacks the critical component of the environment.  

The trajectory and focus on economic growth and investment across the PSPs vary. The 

US’ green economy grew substantially between 2012-2016, especially in the renewable energy 

sector (Georgeson & Maslin, 2019; Department of Energy, 2024).  For future growth, economic 

initiatives, investment, and environmental policy could drive innovation and development 

(Georgeson & Maslin, 2019). However, there are several barriers to greener economic growth. 

Analytical barriers describe knowledge gaps that can decrease understanding and action driven 

by research. Procedural barriers describe government and regulatory barriers that make 

implementation and adoption difficult. Finally, actor barriers describe the actions of decision 

makers and the long-term influence of their choices (Hoff et al., 2021). Under PSP5 several of 

these barriers could limit green economic growth and the investment in recovery/reuse 

technology for phosphorus sustainability. For example, government and regulation could favor 
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the growth of the fossil fuel industry, limiting the procedural ease for renewable or other green 

technologies. The actors in decision making positions could favor the fossil fuel agenda, making 

it difficult for the growth of phosphorus sustainability markets, such as a circular economy for 

recovery and reuse. Instead, mining would remain the predominant source.   
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 Technology development and adoption are key to several of the Impact Opportunities. 

Phosphorus recovery, recycling, and reuse technologies can increase the availability of 

phosphorus from alternative sources and decrease the demand for mined phosphate. In addition, 

improved monitoring technology can lessen the environmental impact of phosphorus runoff. 

However, as aspirational and novel these technologies are, there are clear barriers to their 

widespread adoption. Four main barriers include knowledge barriers about the effectiveness of 

technology, directional challenges that slow the adoption of the technology, limited connection 

of stakeholders, and lack of policy to support (Barquet et.al, 2020). In addition to these 

institutional barriers, economic barriers exist that limit the implementation of phosphorus 

recovery technologies. When conducting cost-benefit analysis and economic feasibility analysis, 

how and to what extent environmental impacts are included greatly affect how economically 

worthwhile phosphorus recovery is (Molinos-Senante et.al, 2011).  

Urine diversion technology is one example of novel technologies that advance reclaiming 

waste and recovering value products. Urine diversion technology diverts urine to recover the 

phosphate, which can then be reused to make fertilizer (Crane et al., 2024). The technology has 

other benefits such as water use reduction and cost saving (Crane et al., 2024). However 

promising the technology is, there are socioeconomic factors that can act as barriers to its 
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widespread adoption under different future conditions. Urine diversion technology is limited and 

often used at a community scale (Merck et al., 2024), such as by a few homes in Falmouth 

Massachusetts (Moran, 2024). Regulatory regimes, such as the laws, building codes, and 

regulations in place, are one pressing barrier to scaling up the adoption of urine diversion 

technology that will vary across the PSPs (Merk et al., 2024). For example, under PSP1 where 

governmental systems have a goal of environmental sustainability as well as the flexibility to 

quickly react and change to changing conditions, building codes that make it difficult to scale up 

urine diversion technology would more easily change to facilitate wide scale use (Triyanti et.al, 

2023). 
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Public awareness of an issue has a strong correlation with engagement and public 

demand for change from the status-quo (Khatibi et.al, 2021). Education is a way to increase 

environmental awareness and pro-sustainability values, attributes, skills, and behaviors 

(UNESCO, 2004). Social learning by individuals, corporations, and governments is pivotal to 

overall success and implementation of sustainable development (UNESCO, 2004). As such, 

education can play a key role in public understanding of phosphorus. Environmental education 

enhances an individual's knowledge and awareness of an issue as well as critical thinking and 

problem-solving skills (EPA, 2023). Exposure to environmental education could increase a 

learner's knowledge about the natural environment as well as their attitudes and intention to 

engage with environmental movements (Van de Wetering et al., 2022). There is a snowball 

effect to learning about environmental issues in which individuals desire to learn more and 

engage with environmental education after experiencing some form of environmental education 



 

 

 

52 

(Baierl et al., 2022). There are many factors that can affect an individual’s attitudes and 

intentions around environmental action, but education is a clear driver of action.  

The environment generally is present in educational plans; however, mention of 

sustainability or climate is minimal (UNESCO, 2021). In 2018, only eight U.S. states required a 

high school Earth/Space science class and only two required a yearlong course (Plutzer et al., 

2024). Each state’s curriculum is heavily dictated by statewide policy and government and can 

have long term impacts on students' learning. Under different futures, detailed by the PSP 

narratives, environmental education could occur in various forms and to varying degrees. For 

example, under PSP4 the high levels of inequality within the country will shape the resource 

allocation of different districts. Wealthier areas will have the resources (i.e. teachers and 

training) to effectively educate students about the environment, helping shape and grow their 

knowledge and attitudes toward environmental issues, while lower income areas will lack 

resources to implement environmental education (Cho, 2023). 
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Population growth or decline in the future will be greatly affected by educational 

attainment, health, and economic growth across the possible futures described by the SSP 

framework. Population growth is projected in all the SSPs narratives for several years and will 

eventually taper off at varying rates (KC & Lutz, 2017). SSP 3 is the only narrative that does not 

decrease (KC & Lutz, 2017; Figure 2). Population growth across the different SSP assumptions 

will put varying amounts of demand on the global food system and thus fertilizer use. Rising 

population under current projections project an increase in food production by about 70% (FAO, 
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2009). Alongside growth for human consumption, biofuel demand for agriculture will increase, 

especially in areas that use biofuels as part of a clean energy future (FAO, 2009). 

In the U.S., the population is projected to continue growing at a steady rate, of 2.3 million 

people a year, but the growth rate will slow after 2030, to about 1.5 million people a year (Vespa 

et al., 2020).  The US’ slower growth rate is due to a combination of three factors: an aging 

population, lower fertility rates, and slower rates of immigration (Vespa et al., 2020). The U.S. is 

one of the only developed countries expected to experience population growth, even at a slow 

rate (Vespa et al., 2020). Most developed countries’ population will peak around 2040 then begin 

to decline. The decline in developed nations’ population is due to a multitude of factors such as 

lower fertility rates, an aging population, and immigration/emigration trends (Office of the 

Director of National Intelligence, 2021). With a steadily increasing population, the U.S. food 

system will experience continued pressure to meet the dietary needs of its population. Fertilizer 

use, technology development, and policy will plan a key role in the development pathway of the 

U.S. agricultural system under the different PSPs.  

Y-76%̂%'<<;%#7=E8-6B%%

Human diets play into this complex system as well. For example, under SSPs where diets 

shift toward healthier more plant-based foods, the demand on the agricultural system from the 

livestock industry will decrease (Alessandrini et.al, 2020). Changes to crop production, fertilizer 

use, and other supply side changes will impact phosphorus sustainability. However, on the 

demand side, changes to diet and reduction to food waste, will greatly improve the U.S. food 

system and allow the dietary needs of the population to be met while better maintaining the 

environment (Bajzelj et al., 2014).  



 

 

 

54 

Shifts in diets could further impact the reduction of food waste (Helander et al., 2021). 

Changing diets will have a broader impact on the food system through reducing land and 

resources required to sustain the U.S. population by mid-century. A Mediterranean or vegetarian 

diet requires less land to sustain because of the decreased consumption of red meat, which is a 

resource intensive industry (Wood et al., 2019). Plant based diets will be commonplace 

throughout the country under PSP1 and remain less common and more niche under PSP3 and 

PSP4. However, under PSP5, animal-based diets will remain commonplace, having lingering 

effects on the agricultural system.  

 In developed countries, like the U.S., about 40% of food is wasted by the consumer 

(Foley et al., 2011). Lowering this number, through various means, could lessen the burden on 

the food system and help to reduce phosphorus losses to soils and surface water systems. 

%
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To meet the global food security demand, agricultural intensification will grow, and the 

methods and technologies used to produce crops will greatly depend on the future that unfolds. 

Agricultural intensification can have negative impacts on soil health and quality, further 

propelling a feedback loop between agriculture, soil health, and fertilizer use (Kopittke et.al, 

2019). However, to meet the food needs of the population, more land is not necessarily the 

answer. Fertilizer use is at the center of agriculture intensification. Across the PSPs, phosphorus 

fertilizer use generally increases and where that phosphorus is sourced, for example through 

manure or phosphate rock, varies (Mogollon et.al, 2018). Under PSPs with increasing 

population, optimal use could become increasingly important to phosphorus sustainability and 

minimizing environmental damage. Under a medium population growth assumption, global crop 
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production will increase 14,060 trillion crop calories to support the population (USDA ERS, 

2023).  

Varying trends in fertilizer use could shift not only the amount of fertilizer required, but 

where it is sourced. In 2023, the U.S. mined 20 million tons of marketable phosphate, 95% of 

which was used to manufacture fertilizer and animal feed (USGS, 2024). 25% of the mined 

phosphate was manufactured into various fertilizers and exported to other countries (USGS, 

2023). Although there is no imminent shortage of phosphate rock, there are some shifts that 

change the amount of phosphate demanded. First, precision agriculture technology and other 

improvements in crop technology can change the optimal use of fertilizer. Precision technology 

allowed farmers and other land managers to more efficiently and accurately allow fertilizers to 

field, requiring less overall (McKinsey & Company, 2024). The widespread adoption of 

precision agriculture technology can decrease the demand for fertilizer by 5% in 2040. On the 

policy front, regulation that aims to address the climate impact of agriculture can change the 

amount and type of fertilizer used (McKinsey & Company, 2024).  

Under different PSP scenarios, fertilizer use could vary substantially. For example, under 

PSP1 phosphorus will be sourced through a variety of means, such as recycled sources. This will 

alleviate the pressure on the mining industry. Pro-environmental behavior and attitudes, 

especially in governance, will shape the environmental impact of the mining industry. This kind 

of behavior has already occurred. In 2023, a federal judge canceled permits to build a new 

phosphate mine in Idaho because the Bureau of Land Management failed to properly analyze the 

impact of the mine on wildlife habitat, specifically the greater sage grouse (USGS, 2024; Neeley, 

2023). Under PSP3, there will be restrictions on imports and exports which can severely impact 

the fertilizer industry and result in increased domestic production (and associated environmental 
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risks). Investments will need to be made in domestic fertilizer to ensure continuous access to 

fertilizer that is less sensitive to exogenous events. For example, government investments in 

domestic fertilizer projects, such as those made by the Biden-Harris administrations (USDA, 

2024), spur technology innovations and expanded infrastructure.  
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Clean energy is a staple strategy in many energy transition plans and will require a 

significant number of resources to occur. One strategy in these plans is the increased use of 

electric vehicles. Much of the available literature regarding electric vehicles’ impact on global 

mineral supply and demand focuses on lithium and cobalt but does not mention the impact on 

phosphorus demand. The demand for phosphate for electric vehicles presents the largest and best 

documented alternative demand for phosphate, demanding more than 3 Mt of phosphorus by 

2025 and demanding about 5% of the global mined supply (Spears et al., 2020). The demand for 

electric vehicles has grown, especially in the face of policy that promotes their use. In 2020, 

electric vehicles made up 4.2%, or 3.2 million cars, of new car sales and is projected to reach 50 

million cars in 2050 (Agusdinata & Liu, 2023). Lithium-ion batteries are still the dominant 

battery type used in electric vehicles and made up about 60% of the battery market in 2022. 

Lithium iron phosphate batteries (LFP) made up about 30% of the battery market in 2022 (IEA, 

2023). Between 2018-2022, LFP batteries in light duty vehicles have increased from 7% to 27% 

(IEA, 2023) and the demand by heavy duty vehicles and energy storage will increase as well 

(Spears et al., 2020).  

Currently, the agricultural industry’s fertilizer demand is the largest demand for 

phosphorus. As alternative markets emerge across the PSPs futures, there could be growing 
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competition between industries for the finite amount of phosphorus available. As electric 

vehicles are used, especially to meet sustainable development goals, the EV industry and 

fertilizer industry will be in competition for finite resources. Even though recycling phosphorus 

through various means can reduce the burden on mined phosphate, the technology to do so is 

limited (Xu et.al, 2022). There is minimal research regarding recycling phosphorus from spent 

batteries (Yue et.al, 2021), but there is limited research into using recycled phosphorus in battery 

production. Through the different Phosphorus Specific Pathway narratives, the level of 

competition between the electric vehicle and fertilizer industry will vary.  

In the United States, investment from the Inflation Reduction Act has spurred technology 

development in the battery industry (Mehdi & Moerenhout, 2023). The goal of the investments is 

to boost domestic production of batteries, to include LFP, and reduce reliance on foreign supply 

to boost domestic resiliency in the face of shifting global governance and cooperation. The 

adoption of electric vehicles is closely linked to decarbonization and sustainable development 

goals. The EPA proposed by 20235, two thirds of new vehicles sold be EVs (World Economic 

Forum, 2024). Optimal use of phosphorus extends to both agricultural applications and battery 

production. To reach this goal, or suppress it, socioeconomic drivers discussed in this paper will 

play a key role in its success. 
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 The concept of circularity is woven into other PSP key drivers, such as economic and 

technology development. Circularity broadly influences several IOs that center around 

reclaiming and reusing products (Figure 2). Much of the phosphorus used currently is sourced 

through phosphate rock mining and the concept of circularity can influence the demand for 



 

 

 

58 

resources from the mining industry (Brady, 2016). The International Council on Mining and 

Metals (ICMM) identifies several opportunities to integrate circularity in all steps of the mining 

process. Under different PSPs, the integration of circularity in industries such as mining varies. 

Technology development and implementation is required to move toward a circular model of 

mining. Under PSPs with strong technology development, like PSP1, limited barriers to 

circularity could exist. Partnerships across the supply chain are critical to reusing and 

repurposing products that would otherwise be considered waste. Under PSPs like 3 and 4 where 

partnerships are limited, strong network formation to allow for easy trade and reuse of products 

could be difficult (ICMM, 2016). %

 

Variations across the PSP socioeconomic drivers could have profound effects on long 

term interventions undertaken in different sectors. The Phosphorus Specific Pathways described 

in this paper contain detailed information about several important elements to the future of 

phosphorus sustainability. Socioeconomic factors do not exist in isolation, instead they are 

interconnected and influenced by each other. The wicked nature of the phosphorus problem 

requires a multifaceted strategy that recognizes the interconnectedness of socioeconomic drivers. 

Elements in this strategy will need to be from multiple areas such as governance, technology, 

economics, and agriculture.  

The PSP narratives serve as a baseline to be incorporated into model projections that 

analyze intervention strategies across sectors. These modeling exercises can take the form of 

economic modeling, water quality modeling, policy analysis, or food system modeling. Although 

these narratives provide a qualitative overview of possible socioeconomic outcomes across 

development pathways, how the narratives translate into model parameters will greatly influence 



 

 

 

59 

their impact. PSP1 and 5 have more clearly defined patterns whereas 2-4 have more mixed 

outcomes that are regionally dependent (Figure 3). As a result, there is a degree of uncertainty in 

how the drivers will influence the future of phosphorus sustainability. This uncertainty should 

not dissuade the phosphorus narratives used in modeling applications.  
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This paper advances the literature by presenting detailed narratives that link Shared 

Socioeconomic Pathways assumptions to phosphorus sustainability. Sector-specific SSPs have 

been developed for a variety of sectors, but phosphorus has been unstudied in this context.  This 

paper fills the knowledge gap in this area. Phosphorus sustainability is a broad issue that impacts 

different scales. The pathways described in this paper set global change assumptions and can be 

downscaled to country or sub-national level in future research.  

The Phosphorus Socioeconomic Pathways detailed in this paper define the future 

development trends across different futures of socioeconomic development and the impact on 

attempts to advance phosphorus sustainability. Key areas for the advancement of phosphorus 

sustainability are outlined in the STEPS Center’s Impact Opportunities. These opportunities 

range from technological advancements, such as in recovery technology or increasing public 

awareness. The degree of success of which these areas can be impacted will depend on the 

socioeconomic condition of the world, and United States specifically, at the time.  

The future of phosphorus sustainability can change dramatically under different 

circumstances, like those described here. SSPs are used to reduce uncertainty in analysis of 

future impacts, vulnerabilities, adaptation, and mitigation. The Phosphorus Specific Pathways 

provide a consistent set of assumptions about how the future of phosphorus will develop under 

different conditions.  

There are a few limitations, and future research needs to be noted. Following the SSP 

narrative structure, this analysis does not consider climate projections or current policy. 

Secondly, this analysis is done on a global scale and does not offer extensive insight on how the 

narratives would change regionally. The Impact Opportunities are U.S.-specific objectives, and 
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thus this analysis is focused on a U.S. context and examples. Additional research and analysis 

can be done to investigate country specific trends or sub-national variations. For example, 

RePhokUs aims to enhance the resilience of the United Kingdom food system by researching 

phosphorus use in the UK specifically (Doody et al., 2020). More location-specific narratives 

would offer a deeper understanding of the future of phosphorus sustainability.  One method to 

conduct this analysis is by using the Actor Sector framework analysis (Absar & Preston, 2015).  

In addition, these narratives are about phosphorus generally, but phosphorus is often an 

input to other products. Developing Shared Socioeconomic Pathways for fertilizers or electric 

vehicles, for example, can offer better and more industry-specific insight to those commodities 

development in the future.   
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7/F:%./>,/-$D'+%.-,=-:./'!;,/=@)'1232K6)'9,:"-,-(.*(1&.0-&3%5]&P#+<-N5&U<.*#(&B"%(&%(7&!#%"5)'7+!)'

<--E#GHH???),E$);.FH>#C<-AH:>ED,>,/-:/;C-$#XCA.%=,#C$=-:./CED$/C$/9C;.$D# 
 
7/F:%./>,/-$D'+%.-,=-:./'!;,/=@)'1232K&'P,"%B$%@'2I6)''7=<%.*(1&^#=.0&U$#=.&K%5.-7&P##7&[&A>&'BU)'

7/F:%./>,/-$D'+%.-,=-:./'!;,/=@)'R,-%:,F,9'LB/,'2[&'232K&'A%.>'
<--E#GHH???),E$);.FH#B#-$:/$"D,C>$/$;,>,/- CA..9H,9B=$-:/;C@.B-<C$".B-C?$#-,9CA..9 

 
7/F:%./>,/-$D'+%.-,=-:./'!;,/=@)'1232K6)'9,:"-,-(.*(1&.0-&3%5]&P#+<-N5&U<.*#(&B"%(&%(7&!#%"5)'7+!)'

<--E#GHH???),E$);.FH>#C<-AH:>ED,>,/-:/;C-$#XCA.%=,#C$=-:./CED$/C$/9C;.$D# 
 
7/F:%./>,/-$D'+%.-,=-:./'!;,/=@)'12325&'L$/B$%@'4K6)'/"-%(&K%.-+&U<.&>-<.*#(&2_2`7a8&9,:%*+-7&K%.-+5&

%(7&3#.%"&G%;*,=,&H%*"?&S#%75&`3GHS5a&[&A>&'BU)'7/F:%./>,/-$D'+%.-,=-:./'!;,/=@'17+!6)'
R,-%:,F,9'L$/B$%@'4I&'2325&'A%.>'<--E#GHH???),E$);.FH->9D 

 
P..9'$/9'!;%:=BD-B%$D'\%;$/:a$-:./)'1233[6)'UD."$D'!;%:=BD-B%,'V.?$%9#'2353)'

???)A$.).%;HA:D,$9>:/H-,>ED$-,#H?#A#H9.=#HW##B,#nE$E,%#HdS7P2353nUD."$Dn!;%:=BD-B%,)E9A 
 
P.D,@&'L)&'R$>$/XB--@&'Q)&'0%$B>$/&'])&'Y$##:9@&'7)&'U,%",%&'L)&'L.</#-./&'O)&'OB,DD,%&'Q)&'\mY.//,DD&'Y)&'

R$@&'N)&'T,#-&'+)&'0$Da,%&'Y)&'0,//,--&'7)&'Y$%E,/-,%&'()&'d:DD&'L)&'O./A%,9$&'Y)&'+.D$#X@&'()&'
R.=X#-%.>&'L)&'(<,,<$/&'L)&'(:,",%-&'()&'l$X#&'N)'123446)'(.DB-:./#'A.%'$'=BD-:F$-,9'ED$/,-)'C%.=+-)'
9.:G43)43MZH/$-B%,43K52 

 
P%:=X.&'\)&'d$FD:X&'+)&'R.;,DJ&'L)&']D:>./-&'l)&'UB#-:&'O)&'L.</#./&'Q)&'].DE&'+)&'(-%B",;;,%&'O)&'^$D:/&'d)&'

!>$//&'O)&'7%>.D:,F$&'V)&'P.%#,DD&'Q)&'d,%%,%.&'O)&'d,@,#&'Y)&']:/9,%>$//&'U)&']%,@&'^)&'
O=Y.DDB>&'N)&'\",%#-,:/,%&'O)&'+$=<$B%:&'()&'q'R:$;:&'])'1234_6)'V<,'>$%X,%'cB$/-:A:=$-:./'.A'
-<,'(<$%,9'(.=:.,=./.>:='+$-<?$@'2G'!'>:99D, C.AC-<,C%.$9'#=,/$%:.'A.%'-<,'24#-'=,/-B%@)'!"#$%"&
'()*+#(,-(.%"&/0%(1- &'EM)'<--E#GHH9.:).%;H43)434IHJ);D.,/F=<$)234I)3I)33K 

 
PBJ:>.%:&'()&'d$#,;$?$&'V)&'O$#B:&'V)&'V$X$<$#<:&'])&'d,%%$/&'N)&'N$:&'d)&'d:J:.X$&'g)&'*']$B/B>$&'O)'

1234_6)'((+MG'!WO':>ED,>,/-$-:./'.A'(<$%,9'(.=:.,=./.>:='+$-<?$@#)'!"#$%"&'()*+#(,-(.%"&
/0%(1- &'EM)'<--E#GHH9.:).%;H43)434IHJ);D.,/F=<$)234I)3I)33[ 

 
U$B-$>&'N)&'U.,D&'R)&'*'Q$-$DB==:&'P)'12322&'O$%=<'46)'>=5.%*(%$"-&P*(%(<-&*(&',-+1*(1&G%+]-.5&*5&

'(b#?*(1&L%:*7&!+#J.06&c=.&G%?&c+*(1&L*5]5)'W/-,%/$-:./$D'O./,-$%@'PB/9'1WOP6)'R,-%:,F,9'
LB/,'[&'232K&'A%.>'<--E#GHH???):>A).%;H,/H0D.;#H!%-:=D,#H2322H3MH34H#B#-$:/$"D,CA:/$/=,C:/ C
,>,%;:/; C>$%X,-#C:#C,/J.@:/; C%$E:9C;%.?-<C"B-C>$@C"%:/;C%:#X# 

 
U,.%;,#./&'S)&'*'O$#D:/&'O)'1234[6)'7#-:>$-:/;'-<,'#=$D,'.A'-<,'b(';%,,/',=./.>@'?:-<:/'-<,';D."$D'

=./-,8-)' B%"1+%)-&/#,,=(*<%.*#()'<--E#GHH9.:).%;H43)435_H#K45[[C34[C3M2[CM 
 

https://www.epa.gov/education/what-environmental-education
https://www.epa.gov/nutrientpollution/epas-ongoing-efforts-reduce-nutrient-pollution
https://www.epa.gov/ms-htf/implementing-task-forces-action-plan-and-goals
https://www.epa.gov/sustainable-management-food/educating-youth-about-wasted-food
https://www.epa.gov/ms-htf/implementing-task-forces-action-plan-and-goals
https://www.epa.gov/tmdl
http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Global_Agriculture.pdf
https://doi.org/10.1016/j.gloenvcha.2016.06.004
https://doi.org/10.1016/j.gloenvcha.2016.06.009
https://www.imf.org/en/Blogs/Articles/2022/03/01/sustainable-finance-in-emerging-markets-is-enjoying-rapid-growth-but-may-bring-risks
https://www.imf.org/en/Blogs/Articles/2022/03/01/sustainable-finance-in-emerging-markets-is-enjoying-rapid-growth-but-may-bring-risks
https://doi.org/10.1057/s41599-019-0329-3
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U%$<$>&'Q)&'N$F:,#&'7)&'d,J$a:&'O)&'Y$DF:/&'])&']:>&'()&'d,D:/#X:&'S)&'O:%$DD,#CT:D<,>&'P)&'YD$%X,&'S)&'
]@D,&'+)&'+$-,D&'+)&'T:#,&'O)&'*'^,%/./&'Y)'1234Z6)'T$-,%'(,=-.%'!##B>E-:./#'A.%'-<,'(<$%,9'
(.=:.,=./.>:='+$-<?$@#':/'$/'W/-,;%$-,9'O.9,D:/;'P%$>,?.%X)'U,-+*<%(&!-#:0?5*<%"&A(*#()'
43)432[H234ZTR32MK52 

 
U%,,/#-./,&'O)&'S:#-&'L)&'*'(@F,%#./&'Y)'123426)'V<,'7AA,=-#'.A'7/F:%./>,/-$D'R,;BD$-:./'./'-<,'

Y.>E,-:-:F,/,##'.A'b('O$/BA$=-B%:/;)'C%.*#(%"&c=+-%=&#4&'<#(#,*<&L-5-%+<0)'
<--EGHH???)/",%).%;HE$E,%#H?4ZM[2 

 
U%:aa,--:&'0)&'^:;:$X&'\)&'b9:$#&'!)&'!D.,&'!)&'l$//:&'O)&'0.B%$.B:&'P)&'+:#-.==<:&'!)&'N.%$-:&'Y)&'

P%:,/9D$/9&'R)&'N,'R..&'!)&'0,/:-,a&'Y)&'S,:E&'!)&'*'0:,Da$&'O)'123246)'d.?'7b'E.D:=:,#'=.BD9'
%,9B=,'/B-%:,/-'E.DDB-:./':/'7B%.E,$/':/D$/9'$/9'=.$#-$D'?$-,%#)'!"#$%"&'()*+#(,-(.%"&/0%(1-5&'
dY)'<--E#GHH9.:).%;H43)434IHJ);D.,/F=<$)2324)4322Z4 

 
UB,DA:&'N)&'QB/,#&'!)&'($%X:#&'S)&'*'\D:F,%:$&'N)'123226)'W//.F$-:F,'+<.#E<$-,'P,%-:D:a,%'V,=</.D.;:,#'-.'

W>E%.F,'+<.#E<.%B#'b#,'7AA:=:,/=@':/'!;%:=BD-B%,)'>=5.%*(%$*"*.?&'@E1246)'
<--E#GHH9.:).%;H43)MM[3H#B4K244K2II 

 
d$%9>$/&'()&'PD,>:/;&'])&']<$%$&'7)&'*'R$>$9$/&'O)'123246)'!'E,%#E,=-:F,'./',cB:-@':/'-<,'-%$/#:-:./'-.'

,D,=-%:='F,<:=D,#)'G93&><*-(<-&B#"*<?&L-)*-J&'M&'KI)'<--E#GHH9.:).%;H43)MZ435H#E%),43%9.$.BE 
 
d$%E,%&'U)'1232M6)'I#J&C#+J%?N5&:0#5:0%.-&+-5-+)-5&<#="7&:#J-+&.0-&-"-<.+*<&)-0*<"-&+-)#"=.*#()'T.%D9'

7=./.>:='P.%B>)'R,-%:,F,9'LB/,'2&'232K&'A%.>'
<--E#GHH???)?,A.%B>).%;H$;,/9$H232MH3_H/.%?$@CE<.#E<$-,C%.=XC,D,=-%:=CF,<:=D,C"$--,%@H 

 
d$#$/$J&'N)&'*'S:&'()'123236)'2&e&c%5-"*(-5)'OSCYOb)' <--E#GHH"D.;)>D)=>B),9BH2323H3ZHM4HMC"$#,D:/,#H 

d,","%$/9&'Y)&'*'S$".%9,&'N)'12322&'!E%:D'256)'I*10&4-+.*"*O-+&:+*<-5&<#(.+*$=.-&.#&+*5*(1&1"#$%"&4##7&
5-<=+*.?&<#(<-+(5)'WP+RW'0D.;G'W##B,'+.#-)'<--E#GHH???):AE%:).%;H"D.;H<:;<CA,%-:D:a,%CE%:=,#C
=./-%:"B-,C%:#:/;C;D."$DCA..9C#,=B%:-@C=./=,%/#H 

 
d,D$/9,%&'d)&'0%B=X/,%&'O)&'S,:E.D9&'()&'+,-:-C0.:8&'!)&'*'0%:/;,aB&'()'123246)'7$-:/;'<,$D-<@'.%'?$#-:/;'

D,##r'R,9B=:/;'%,#.B%=,'A..-E%:/-#'.A'A..9'=./#B>E-:./)''()*+#(,-(.%"&L-5-%+<0&S-..-+5&'@d)'
<--E#GHH9.:).%;H43)43ZZH4_KZC[M2IH$",I_M 

 
d.AA&'L)&'R$#>B##,/&'O)&'*'(.%,/#,/&'+)'123246)'0$%%:,%#'$/9'.EE.%-B/:-:,#':/'9,F,D.E:/;'$/9'

:>ED,>,/-:/;'$'U%,,/'UN+)' '<#"#1*<%"&'<#(#,*<5)'
<--E#GHH9.:).%;H43)434IHJ),=.D,=./)2323)43I[35 

 
W/-,%/$-:./$D'7/,%;@'!;,/=@)'123226)'V<,'R.D,'.A'Y%:-:=$D'O:/,%$D#':/'YD,$/'7/,%;@'V%$/#:-:./#)'

<--E#GHH???):,$).%;H%,E.%-#H-<,C%.D,C.AC=%:-:=$DC>:/,%$D#C:/ C=D,$/C,/,%;@C-%$/#:-:./#H>:/,%$DC
%,cB:%,>,/-#CA.%C=D,$/C,/,%;@C-%$/#:-:./# 

 
W/-,%/$-:./$D'7/,%;@'!;,/=@)'1232M6)'3+-(75&*(&$%..-+*-5&e&!"#$%"&'f&V=."##]&M_M2&e&U(%"?5*5&g&9'U)'

W/-,%/$-:./$D'7/,%;@'!;,/=@)'R,-%:,F,9'LB/,'4I&'232K&'A%.>'<--E#GHH???):,$).%;H%,E.%-#H;D."$DC
,FC.B-D..XC232MH-%,/9#C:/ C"$--,%:,# 

 
W/-,%/$-:./$D'O./,-$%@'PB/9)'1234Z&'!E%:D'[6)'!"#$%"*O%.*#(&I-":5&>:+-%7&Q(#J"-71-&%(7&3-<0(#"#1?&

U<+#55&c#+7-+5)'W/-,%/$-:./$D'O./,-$%@'PB/9'1WOP6)'R,-%:,F,9'LB/,'2[&'232K&'A%.>'

http://www.nber.org/papers/w18392
https://doi.org/10.1016/j.gloenvcha.2021.102281
https://doi.org/10.3390/su142114266
https://doi.org/10.38105/spr.e10rdoaoup
https://www.weforum.org/agenda/2023/07/norway-phosphate-rock-electric-vehicle-battery/
https://blog.ml.cmu.edu/2020/08/31/3-baselines/
https://www.ifpri.org/blog/high-fertilizer-prices-contribute-rising-global-food-security-concerns/
https://www.ifpri.org/blog/high-fertilizer-prices-contribute-rising-global-food-security-concerns/
https://doi.org/10.1088/1748-9326/abe673
https://doi.org/10.1016/j.ecolecon.2020.106905
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions/mineral-requirements-for-clean-energy-transitions
https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions/mineral-requirements-for-clean-energy-transitions
https://www.iea.org/reports/global-ev-outlook-2023/trends-in-batteries
https://www.iea.org/reports/global-ev-outlook-2023/trends-in-batteries
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<--E#GHH???):>A).%;H,/H0D.;#H!%-:=D,#H234ZH3KH3[H;D."$D:a$-:./C<,DE#C#E%,$9CX/.?D,9;, C$/9C
-,=</.D.;@C$=%.##C".%9,%# 

 
L$=."#&'0)&'Y.%9,DD&'N)&'Y<:/&'L)&'*'R.?,&'d)'1234_6)'V.?$%9#'E<.#E<.%B#'#B#-$:/$":D:-@':/'Q.%-<'

!>,%:=$G'!'>.9,D'A.%'-%$/#A.%>$-:./$D'=<$/;,)''()*+#(,-(.%"&><*-(<-&%(7&B#"*<?&'hh)'
<--EGHH98)9.:).%;H43)434IHJ),/F#=:)234_)3Z)33[ 

 
L:$/;&'S)&'*'\mQ,:DD&'0)'1234_6)'UD."$D'B%"$/:a$-:./'E%.J,=-:./#'A.%'-<,'(<$%,9'(.=:.,=./.>:='+$-<?$@#)'

!"#$%"&'()*+#(,-(.%"&/0%(1-&'EM)'<--EGHH98)9.:).%;H43)434IHJ);D.,/F=<$)2345)3M)33Z 
 
L.</#-./&'Y)&'*'R$9,D.AA&'^)'1234[6)'UD."$D'>:-:;$-:./'E.-,/-:$D'.A'=$%"./'#-.%,9':/'<$%F,#-,9'?..9'

E%.9B=-#)'BCU>)'???)E/$#).%;H=;:H9.:H43)43_MHE/$#)4[3K2M444I 
 
L./,#&'Y)&'O=U,,&'0)&'7E#-,:/&'S)&'P:#<,%&'7)&'($//,%&'+)&'*'U%$@&'7)'1234_6)'QB-%:,/-'V%$9:/;'0@'

OB/:=:E$D'(-.%>?$-,%'+%.;%$>#'W/'O$%@D$/9'$/9'^:%;:/:$G'V<%,,'Y$#,'(-B9:,#)'K#+"7&L-5#=+<-&
9(5.*.=.-)'<--E#GHHA:D,#)?%:).%;H9ZH#MA#C
EB"D:=HQB-%:,/-nV%$9:/;n0@nOB/:=:E$Dn(-.%>?$-,%n+%.;%$>#nW/nO$%@D$/9n!/9n^:%;:/:$nV<%
,,nY$#,n(-B9:,#)E9A 

 
]Y&'()&'*'SB-a&'T)'1234_6)'V<,'<B>$/'=.%,'.A'-<,'#<$%,9'#.=:.,=./.>:='E$-<?$@#G'+.EBD$-:./'#=,/$%:.#'

"@'$;,&'#,8'$/9'D,F,D'.A',9B=$-:./'A.%'$DD'=.B/-%:,#'-.'2433)'!"#$%"&'()*+#(,-(.%"&/0%(1-&'EM)'
<--EGHH98)9.:).%;H43)434IHJ);D.,/F=<$)234K)3I)33K 

 
]:>&'d)&'+,-,%#./&'U)&'Y<,B/;&'T)&'P,%%:,%&'()&'!DX,>$9,&'R)&'!%/,-<&'!)&']B:E,%&'L)&'\X$@$#B&'()&'

+,%,:%$&'S)&'!=.#-$&'S)&'Y<$ED:/C]%$>,%&'R)&'0,D9,%&'7)&'799@&'V)&'L.</#./&'L)&']$%D##./C
^:/X<B@a,/&'()&'].X&'O)&'S,$9D,@&'+)&'S,=D,%,&'N)&'SB/9cB:#-&'Y)&'*'R./9:/:/:&'Y)'1232M6)'
V.?$%9#'$'",--,%'AB-B%,'A.%'":.9:F,%#:-@'$/9'E,.ED,G'O.9,DD:/;'Q$-B%,'PB-B%,#)'!"#$%"&
'()*+#(,-(.%"&/0%(1- &'DM)'<--E#GHH9.:).%;H43)434IHJ);D.,/F=<$)232M)432IZ4 

 
].D",%-&'7)'1232M&'P,"%B$%@'2_6)'B0#5:0#+=5&>%)-7&V=+&K%?&#4&S*4-T %(7&C#J&30+-%.-(5&.#&'(7&9.)'V<,'

Q,?'g.%X,%)'R,-%:,F,9'O$%=<'44&'232K&'A%.>'
<--E#GHH???)/,?@.%X,%)=.>H>$;$a:/,H232MH3MH3IHE<.#E<.%B#C#$F,9C.B%C?$@C.ACD:A,C$/9C/.? C
-<%,$-,/#C-. C,/9 C:- 

 
].E:--X,&'+)&'O,/a:,#&'Q)&'T$/;&'+)&'O=],//$&'0)&'*'S.>":&'7)'1234[6)'(.:D'$/9'-<,':/-,/#:A:=$-:./'.A'

$;%:=BD-B%,'A.%';D."$D'A..9'#,=B%:-@'!B-<.%'D:/X#'.E,/'.F,%D$@'E$/,D)''()*+#(,-(.%"&
9(.-+(%.*#(%")'<--E#GHH9.:).%;H43)434IHJ),/F:/-)234[)4353_Z 

 
]%:,;D,%&'7)&'0$B,%&'Q)&'+.EE&'!)&'dB>E,/.9,%&'P)&'S,:>"$=<&'O)&'(-%,AD,%&'L)&'0$B>#-$%X&'S)&'0.9:%#X@&'

0)&'d:D$:%,&'L)&']D,:/&'N)&'O.B%$-:$9.B&'W)&'T,:/9D&'W)&'0,%-%$>&'Y)&'N:,-%:=<&'L)C+)&'SB9,%,%&'U)&'
+,<D&'O)&'+:,-a=X,%&'R)&'+:./-,X&'P)&'S.-a,CY$>E,/&'d)&'q'79,/<.A,%&'\)'1234_6)'P.##:DCAB,D,9'
9,F,D.E>,/-'1((+56G'!/',/,%;@'$/9'%,#.B%=,':/-,/#:F,'#=,/$%:.'A.%'-<,'24#-'=,/-B%@)'!"#$%"&
'()*+#(,-(.%"&/0%(1- &'EM)'<--E#GHH9.:).%;H43)434IHJ);D.,/F=<$)234I)35)345 

 
](0'O:/:/;)'1232M&'!E%:D'K6)'30-&!"#$%"&B0#5:0%.-&G%+]-.)'](0'O:/:/;)'R,-%:,F,9'LB/,'2K&'232K&'

A%.>'<--E#GHH;:?)X#")=.>H"D.;H-<,C;D."$DCE<.#E<$-,C>$%X,- 
 
S,F:/#./&'!)'1232M6)'!%,'N,F,D.E,9'Y.B/-%:,#'\B-#.B%=:/;'+.DDB-:./r'F#=+(%"&#4&'<#(#,*<&B-+5:-<.*)-&'

2h1M6)'<--E#GHH9.:).%;H43)425_HJ,E)M_)M)Z_ 
 

https://www.imf.org/en/Blogs/Articles/2018/04/09/globalization-helps-spread-knowledge-and-technology-across-borders
https://www.imf.org/en/Blogs/Articles/2018/04/09/globalization-helps-spread-knowledge-and-technology-across-borders
http://dx.doi.org/10.1016/j.envsci.2017.08.009
http://dx.doi.org/10.1016/j.gloenvcha.2015.03.008
http://www.pnas.org/cgi/doi/10.1073/pnas.1904231116
https://files.wri.org/d8/s3fs-public/Nutrient_Trading_By_Municipal_Stormwater_Programs_In_Maryland_And_Virginia_Three_Case_Studies.pdf
https://files.wri.org/d8/s3fs-public/Nutrient_Trading_By_Municipal_Stormwater_Programs_In_Maryland_And_Virginia_Three_Case_Studies.pdf
https://files.wri.org/d8/s3fs-public/Nutrient_Trading_By_Municipal_Stormwater_Programs_In_Maryland_And_Virginia_Three_Case_Studies.pdf
http://dx.doi.org/10.1016/j.gloenvcha.2014.06.004
https://doi.org/10.1016/j.gloenvcha.2023.102681
https://www.newyorker.com/magazine/2023/03/06/phosphorus-saved-our-way-of-life-and-now-threatens-to-end-it
https://www.newyorker.com/magazine/2023/03/06/phosphorus-saved-our-way-of-life-and-now-threatens-to-end-it
https://doi.org/10.1016/j.envint.2019.105078
https://doi.org/10.1016/j.gloenvcha.2016.05.015
https://giw.ksb.com/blog/the-global-phosphate-market
https://doi.org/10.1257/jep.37.3.87
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S.B;<,,9&'V)'123446)'+<.#E<.%B#'+$%$9.8'(=$%=:-@'$/9'\F,%$"B/9$/=,'.A'$'],@'QB-%:,/-)''()*+#(,-(.%"&
I-%".0&B-+5:-<.*)-5&'@@Y156)'43)42Z[H,<E)44[C$23Z 

 
O$&'o)'123226)'W>E$=-'.A'7/F:%./>,/-$D'R,;BD$-:./'./'d:;<CfB$D:-@'7=./.>:='N,F,D.E>,/-)' P+#(.*-+&

'()*+#(,-(.%"&><*-(<- &'@_)'<--E#GHH9.:).%;H43)MMZ[HA,/F#)2322)Z[IZ[2 
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CHAPTER 3: Science on Social Media, Using Random 

Forests to Understand Feature Importance of Posts 

 

"#$%&'()$*&#!

Wicked problems are complex and challenging to identify and implement research plans 

for, and they are equally challenging to communicate to different audiences. While much of the 

current research on wicked problems has focused on global challenges in the environmental 

sciences, development, public health, and policy domains, there are currently major research 

gaps on how the framing of wicked problems and research around them is communicated to a 

public audience through non-academic outlets such as social media.  

Science communication has been historically de-emphasized and only recently became a 

focus of preparing the STEM workforce. Communicating results beyond the scientific 

community is not explicitly a part of the research process and is often overlooked. The National 

Science Foundation only introduced “broader impacts” as part of its proposal criteria in 1997 

(Sturzenegger-Varvayanis et al., 2008), and since then funding sources, institutions, and the 

public have increasingly encouraged and developed expectations for science communication 

(Volk, 2024). Prior to 1997, resistance to science communication efforts existed in the research 

community (Sturzenegger-Varvayanis et al., 2008); however scientists are increasingly 

supportive of and engaged in communication efforts, citing it as a positive aspect of their work 

(Negretti et al., 2022).  

Science communication is the use of skills, media, and dialogue to elicit awareness, 

enjoyment, interest, opinion forming, and/or understanding of an inherently uncertain and 
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complex scientific topic (Burns et al., 2003; Volk, 2024). Science communication strategies can 

be broadly categorized into three main categories. First is formal communication, which occurs 

in academic settings, such as classroom lectures. Formal communication is the traditional 

method of receiving scientific information for all levels of education (Hofstein et al., 1996). 

Second is informal communication, which occurs outside of academic institutions, such as in a 

museum or library. The primary difference between formal and informal communication is that 

participating in or being the recipient of informal science communication is voluntary and self-

directed (Hofstein et al., 1996). For example, an individual may choose to visit a zoo’s program 

but attending a science class in high school is not optional. Third is online science 

communication, which occurs in digital spaces through a range of media. The visibility of 

science to the public has greatly increased, and especially so in the digital space (Fahnrich et.al, 

2023).  

Social media use has increased dramatically since these sites emerged two decades ago, 

and they have become a place individuals look for information (Reuters Institute, 2024). Social 

media is an emerging platform for science communication from individual researchers, research 

institutions, and independent science communicators (Zimba & Gasparyan, 2021). YouTube, 

Instagram, LinkedIn, and X are used by a large percentage of the US population (Pew Research 

Center, 2024) and are some of the most visited websites in the world (Terell, 2025).  Numerous 

platforms now exist and serve different purposes with different audiences. LinkedIn is a 

professional networking platform, X is a short form site for media, and Instagram is a primarily 

visual platform with written captions. Social media users represent a wide audience of all ages, 

educational backgrounds, demographics, and locations, making it ideal for reaching and 

engaging large and diverse audiences, specifically around science research (Jordan, 2023). 
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Social media has altered the way people communicate and receive information. About 

half of American adults see science content on social media (Pew Research Center, 2022). Only 

33% of adults proactively follow accounts that focus on science news, which is a 7% increase 

from 2017 (Pew Research Center, 2022). Approximately 57% of Americans used the internet as 

their primary source of science and technology related information in 2020 (National Science 

Foundation, 2020). Individuals, especially younger ages, are looking to social media as a 

gateway to other information outlets (Newman et al., 2024). In particular, videos and short form 

content are gaining popularity as a source of information (Newman et al., 2024). The prevalence 

of social media and the digital environment in everyday life provides opportunities for users to 

find and engage with scientific information (European Research Executive Agency, 2023). 

Likewise, social media research has increased because of the ample amount of user engagement 

data available to build data sets. Many platforms provide metrics, such as likes, comments, and 

shares to account holders. The metrics provide a wealth of data that can be used to evaluate the 

impact of content posted to a particular platform. The prevalence and availability of data enables 

researchers to understand the effects of science communication activities on social media (Coletti 

et al., 2022; Oliver et al., 2023). In addition, social media provides a space for researchers to 

easily converse about their work. Researchers can use social media to amplify research, share 

knowledge widely, build their own network, publicize opportunities and achievements, and gain 

both data and participation (Jordan, 2023).   

There are several challenges to using social media for science communication. First, 

social media posts can oversimplify science. Reducing research to an exaggerated headline or a 

catchy picture has the potential to misrepresent the actual meaning of the research (Groshek et 

al., 2016). The speed at which information can be shared has changed the way audiences are 
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engaged with that information. However, the drawback of unchecked sharing of information is 

that misinformation can spread as easily as information (Cook et al., 2018). Mistrust in the 

information published via social media is apparent, as only about a quarter of respondents to a 

Pew Research study indicated they trusted science information on social media (Pew Research 

Center, 2017). Third, confirmation bias, the tendency to view information that supports current 

beliefs, is easy in a digital environment where users have control over what they search for and 

view (Suzuki et al., 2021). Platform algorithms reinforce user beliefs and preference by showing 

them similar, rather than contrasting, messaging (Kim, 2017). A user's digital reach is limited 

which in turn impacts their learning and understanding information (Brady et al., 2023).  

Wicked problems are difficult to communicate, especially to an audience who may not be 

familiar with the topic. Science communication on social media poses its own challenges 

because of the nature of algorithms, the speed at which information is shared, and the prevalence 

of misinformation. However, due to the benefits and prevalence of social media, it is worth using 

these platforms to conduct science communication and outreach, particularly for emerging 

societal challenges that require interdisciplinary research approaches to address.  Phosphorus 

sustainability, the focus of this research, is a prime example of wicked problem communication. 

Despite extensive documentation of the phosphorus paradox, the critical importance of 

phosphorus in global food systems, and the environmental impact of its (mis)use, public 

awareness of these challenges is limited (STEPS, 2021).  

In this research, The Science and Technologies for Phosphorus Sustainability (STEPS) 

Center communication work is used as a case study to explore online science communication of 

a wicked problem. Science communication is an important part of the Center’s work portfolio, as 

the Center has set a goal of increasing public awareness of phosphorus sustainability (STEPS, 
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2021). STEPS regularly conducts all three forms of science communication. The Center’s social 

media strategy and engagement are relatively new and is the focus of this research.  

The desire for science communication efforts has outpaced evaluation (Canfield et al., 

2024). There is currently limited research on evaluating the effectiveness or impact of science 

communication efforts (Volk, 2024) and existing research is commonly focused on events, such 

as science days at museums (Jensen, 2014). Even less research has been done on science 

communication efforts on social media. To begin to address the gap in research on 

communicating wicked scientific problems on social media, this chapter analyzes the STEPS 

Center’s social media strategies for one year. The study examines existing approaches for 

evaluating science communication efforts and describes the approach used to analyze data 

obtained from the STEPS’ social media accounts. Furthermore, we use existing best social media 

practices to evaluate the features of a post that best predict engagement and reach. While this 

research will not comment on changing attitudes and behaviors that can impact phosphorus 

sustainability in the long term, it provides a baseline to build future research and strategies for 

both the STEPS Center and other research centers with similar goals.  

 

O*$7%1$(%7!;7Q*7@!!

 Social media has changed the way information is disseminated, seen, interpreted, and 

acted on. Social media serves as a venue for information to be shared and ideally leads to 

increased awareness (Guran & Ozarslan., 2022). Being able to evaluate science communication 

efforts for its success, quality, and influence is important, especially if communication efforts 

utilize social media outlets. Additionally, understanding how industry best practices for social 

media posting work in a science communication context is not well understood.  
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Three primary frameworks exist for developing and thinking about science 

communication. Historically, the information deficit model (DM) has been used to define science 

communication efforts (National Academies for Science, Engineering, and Medicine, 2017). The 

DM assumes that general audiences are not well informed about science, and as such it is 

scientists’ job to explain the facts to the audience (National Academies for Science, Engineering, 

and Medicine, 2017). Although widely accepted for many years, this model has come under 

scrutiny more recently for inaccurately depicting science communication and the human learning 

process. First, the complexities and nuances of science information are not recognized in the 

DM. In the context of wicked problems, the issues are inherently complex and as such, the 

communication strategy needs to take this complexity into account and communicate in a way 

that a range of audiences can understand. Second, the DM assumes there is a direct relationship 

between the researcher and the audience. However, there is often a middle communicator 

involved who crafts messaging for the intended audiences. Furthermore, the DM views 

communication as a linear process and neglects the role of the audience in engaging with the 

communicators. The third downside to the DM is that simply learning or knowing the 

information is just the first step, but to care about and/or act, the audience’s unique perspectives 

and values need to be considered. The DM fails to recognize the nuance and deliberate choices 

that are required to engage an audience instead of passively supplying information.  Due to the 

DM’s shortcomings, especially for problems with complex interdependencies, new, more 

current, frameworks have emerged to try to describe the purpose, methods, and goal of science 
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communication. In recent years, these frameworks have also attempted to develop evaluation 

protocols for science communication efforts.  

The Public Engagement with Science and Technology (PEST) Model for Science 

Communication has widely replaced the information deficit model. PEST understands 

communication as a two-way process, that is between the communicators and the audience 

(Coletti et.al., 2022). The PEST model incorporates the audience as stakeholders in the material 

and audience engagement is a key principle of the model.  

The Deficit Model and PEST Model outline assumptions for science communication 

generally, but do not offer insight into how to evaluate communication efforts. The International 

Association for the Measurement and Evaluation of Communication’s (AMEC) Integrated 

Evaluation Framework is the most widely used to evaluate communication of all types (Sörensen 

et al., 2024). The framework is made up of four sections: inputs, outputs, outcomes, and impact. 

Inputs are any time, resource, or capital put into communication efforts. Outputs are broken into 

two categories, primary/internal and secondary/external. Primary communication activities 

include quantifiable efforts such as the number of blog posts or social media posts. Secondary 

communication activities assess how the target audience is reached, such as media coverage or 

social media metrics. Outcomes are also divided into two categories, direct and indirect. Direct 

outcomes describe the audience's initial response to the communication, such as social media 

interactions. Indirect outcomes extend to longer term effects and describe how the audience 

changes because of that communication, such as attitudes and behaviors. Finally, impacts 

describe the long-term value created by the communication activity, such as external recognition, 

student involvement, or funded grants (Sörensen et al., 2024). The definition of impacts by the 

Integrated Evaluation Framework is consistent with the NSF’s definition of broader impacts. The 
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NSF defines broader impacts as the potential to benefit society and contribute to specific and 

desired societal outcomes (National Science Foundation, 2022). The exact form the broader 

impact occurs varies, ranging from the research results to activities that are a direct result of the 

research.  

 

#<=-4G%I7;-4%)7C6%@84=6-=7C%

Although there are several frameworks for developing science communication efforts, 

there is no framework for social media efforts specifically. Best practices for social media 

posting exist mainly in the context of business or brand development. The algorithms that govern 

information sharing and dissemination on social media are constantly evolving. Additionally, the 

requirement to create a post that can compete with the other content for user attention poses a 

challenge. As a result, crafting the perfect post is an ongoing challenge that all users, especially 

those representing an organization or brand, aim to achieve. Most social media best practices are 

centered around increasing reach and/or engagement. These practices have been reviewed 

anecdotally and observationally, but limited work exists that looks at best practices from an 

analytical perspective.  

General best practice can be adapted to science communication content because the goals 

of increasing engagement and/or reach remain the same. Designing engaging and accurate 

content is key to successful social media accounts. Best practices for engaging content include 

using diverse content types such as static images and video content, posting about a mix of topics 

from general posts to celebrating achievements, and keeping material brief while maintaining 

accuracy (UMBC, n.d.). While visuals must be carefully designed, they should also be 

educational and informative. For example, on Instagram, a caption can provide more information 
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about an eye-catching research picture. Additionally, including a human face in a post increases 

engagement. For example, on X the inclusion of a person in a post increases engagement by 80% 

(van der Harst & Angelopoulos, 2024). Consistency in posting is key to increasing both 

engagement and reach because regular posting signals to both users and the algorithm that the 

account is active (Pace University, 2024). A consistent posting timeline and branding establishes 

trust and authenticity with the audience as well as plays a role in the reach algorithm which 

decides what content to boost throughout the platform (Adobe, 2023). One way to increase reach 

is by using hashtags. Hashtags prompt the post to be shared more widely because they increase 

searchability (American Marketing Association, 2024). Hashtags (#), traditionally referred to as 

pound sign, preceded a word or phrase in a post caption. They allow the post to be categorized 

and searchable by that word/phrase. Hashtags allow a post to be more widely available to users 

even if they do not follow the account (American Marketing Association, 2024).  A relatively 

new factor of increasing reach is engagements on a post. Posts that are more engaging (measured 

by the number of likes, comments, or shares) are more likely to be boosted to other parts of the 

platform because they are seen as popular.  

Additionally, social media communication is not just about posting but interacting with 

other accounts as well. To reach more accounts, users must engage with other users (Bogers, 

2021). Like any organization, scientific accounts need to integrate social media into the overall 

communication strategy (Bogers, 2021).  
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While some frameworks exist to guide effective communication strategies, evaluating 

science communication efforts is a noticeable gap in current research. Attempts to evaluate 
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science communication tend to fall into three categories. The first is external evaluation, in 

which the audiences are asked about the communication effort (Volk et al., 2024). Commonly, 

external evaluation is done via survey at in-person events, such as at a museum (Jensen, 2014). 

Surveys are a scientifically sound method but can yield inaccurate results and are not feasible in 

all contexts (Jensen, 2014; Volk et al., 2024). The second form of evaluation is scientific 

analyses of practices. In this method, science communicators provide self-evaluations and 

reports of their practices (Volk et al., 2024). The third form is meta-analyses of evaluation 

reports. In this method, reports are analyzed through meta or content analysis methods (Volk et 

al., 2024). All three methods have some commonalities, one of which is remaining summative 

and not diving deeper into the impact of the communication (Volk et al., 2024). Other efforts to 

evaluate scientific communication focus on those doing the communicating and investigate if 

those involved are qualified to do so (Fischhoff, 2019).  

There is an empirical gap in science communication evaluation (Jensen & Gerber, 2020). 

Often empirical research of science communication is aimed at measuring impact. However, 

measuring impact, particularly of public engagement, is difficult and often doesn’t capture the 

spectrum of learning (Weitkamp, 2015). Long term attitude and behavior changes are not 

captured in a lot of methods used to evaluate impact. Traditional methods of measuring impact, 

such as random control trials (RCTs) do not perform well in informal learning environments 

(King et al., 2015).  

Social media is a hub of data that can be useful to researchers for both qualitative and 

quantitative research (Ghermandi et al., 2023). Evaluation of social media’s role in science 

communication is still novel and relatively unstudied. The research that does exist is high level 

and often a review such as Volk (2024), a quantitative content analysis of 128 science 
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communication projects. Health science fields have researched the role of social media in 

information dissemination, especially after the COVID-19 pandemic (Zimba & Gasparyan 

2021). During the pandemic, social media platforms served as a space to connect with others 

while quarantining, staying up to date with news and local policies, and more (Tsao et al., 2021; 

Cho et al., 2023). In environmental science, plant science, and climate change research, high 

level research on the role of social media is increasing. Much like health science, the public is an 

important stakeholder. Social media is an avenue for quick and broad dissemination of 

information to increase public involvement and engagement with science and to provide 

information about the latest research (Osterrieder, 2013).  
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Social media data has proven to be a large, dynamic, and relatively unstructured form of 

data (TK et al., 2021). Social media data is rapidly evolving because it is user generated and as a 

result is one of the most relevant and representative types of big data (Bello-Orgaz et al., 2016). 

However, the information can be difficult to access because platforms regularly update the ways 

in which data is stored and displayed. Social media analytics is an emerging field for 

interdisciplinary research because of the variety of information available from platforms 

(Stieglitz et al., 2018).  

The unruly nature of social media data can make it difficult to work with. Because of this, 

machine learning techniques account for most of the approaches to working with social media 

data (Ghani et al., 2019). Many types of machine learning techniques have been applied to social 

media data to make sense of the large volume of information. While machine learning can solve 

some of the analysis problems associated with social media data, there are still several issues that 
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remain. First is varying data quality. Because social media data is user generated, there is not a 

standard form (Ghani et al., 2019). In addition, as platforms aggregate the information, what they 

share and the forms it is available in can change. The second issue is data location. Much like 

quality, social media data comes from across numerous platforms and locations (Ghani et al., 

2019). This issue is important when the data is being pulled from across the web. The ease with 

which data can be collected varies by website, with some allowing the download of organized 

spreadsheets while some hide data behind paywalls and subscriptions. The third issue is the 

velocity of data creation. Machine learning techniques rely on complete data sets to begin (Ghani 

et al., 2019). The final issue to address is data availability. To effectively use machine learning 

techniques, there needs to be data available (Ghani et al., 2019). Each social media platform 

limits the data available after a given period. For example, Instagram deletes metrics older than 

90 days. In addition, what each platform reports varies slightly across and within the platforms. 

For example, X removed ‘by post’ metrics in favor of ‘by day’ metrics.  

Machine learning algorithms have been applied to social media for several purposes. One 

common application is sentiment analysis, which is used to understand and predict public 

opinion, emotion, and attitudes (TK et al., 2021). For example, sentiment analysis has been 

conducted to understand political opinions around elections. Another application of machine 

learning algorithms is for anomaly detection. Various algorithms are used to detect fake or spam 

accounts on platforms by understanding patterns and detecting outliers (which in this case are 

accounts that do not behave like real people) (TK et al., 2021). Other applications of machine 

learning algorithms include business development, behavioral analysis, protecting health 

information, and detection of crime or infection cases (TK et al., 2021). 
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Research that uses social media as the focus is expansive, but centers around broad and 

general questions. Machine learning techniques are commonly applied to social media data to 

make sense of the vast unstructured data provided. Although social media research and the 

application of machine learning in its analysis exist, there is an obvious gap bridging social 

media research and science communication research.  

  

$3-C%#6E;B%%

Science communication efforts have been the subject of research for many years and the 

research surrounding science communication uses several methods from surveys and less 

commonly data analysis tools. The existing body of literature provides an excellent overall 

understanding of science communication, but limited work exists that explores specific case 

studies.  

Social media has emerged to both reach and engage a broad audience; however, there is a 

missing link between traditional data analysis methods of social media data and science 

communication evaluation. Additionally, how to increase reach and engagement on social media 

is well commented on in the public sphere, but to date, has not been well studied in academic 

research. As such, the scope of this research is narrowed into the analysis of social media data 

with the STEPS Center as the case study. Furthermore, this research investigates the feature 

importance of different post attributes to predicting engagement and reach.  
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This study involves collecting data from STEPS’ three social media platforms, data 

analysis with the open-source statistical programming software R Studio and integrating the 

results with known best practices.  

 

C1$1!!
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The STEPS Center uses three social media sites to engage with broader audiences: 

Instagram, LinkedIn, and X. Each site provides data on user reach, impressions, engagement, and 

demographics, which were collected for each post from 1/01/2024-12/31/2024. Additionally, 

post attributes were categorized. For this study, the variables of interest are engagement and 

reach. The three platforms share similar information and have their own unique aspects; Table 5 

demonstrates the range of data types available across platforms.  

Generally, impressions are the number of times content was displayed on any user’s 

screen. Instagram and X measure impressions only as the total number of times content is 

displayed on a user’s screen. This includes multiple views and repeat accounts. LinkedIn 

measures impressions the same way the other two platforms but includes “unique impressions” 

to count the number of times content is viewed by unique accounts to help avoid double 

counting. Impressions are the largest quantity across all three platforms due to repeat counting. 

In addition, impressions do not translate into active participation because it simply measures the 

number of times content is on a screen and not necessarily if the user purposefully viewed the 

content. Instagram takes impressions data a step further and reports where the content was seen, 

such as on the discover page, through a search, or on a user’s main feed.  
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Reach data is only collected by Instagram and measures the number of unique accounts 

that view content. Like LinkedIn’s “unique impressions,” reach only counts an account once 

even if they view the content multiple times. In this research, impressions serve as the metric for 

reach for LinkedIn and X.  

Engagement is measured by all three platforms and counts how the content is interacted 

with. Engagement comes in the form of likes, comments, saves, shares, reposts (only on X and 

LinkedIn), and bookmarks (only on X). LinkedIn does not use the term “likes” but instead uses 

“reactions,” giving users several sentiment options that are collectively calculated as reactions. 

Additionally, Instagram counts the number of accounts engaged. 

 

$-?7D84?7%<D%Y464%/C7;%%

We collected data for one full calendar year, from 1/01/2024-12/31/2024. Due to 

differences in the data availability and other logistical factors, this time frame provides ample 

and quality data. In addition, this timeframe follows the natural ebb and flow of an academic 

institution (e.g. school breaks, exam season, important deadlines for the Center) which allows us 

to capture natural variation in the posting schedule.  

Although the STEPS’ social media accounts have been operational for longer than the 

data collection period, the time span of the data collection is limited due to each platform's data 

storage. X data availability extends to the beginning of the account, September of 2021. The 

availability of LinkedIn data depends on the content type, with a maximum of 1,000 days for 

content engagement and impressions and 180 days for video metrics and demographic 

information. Instagram data is available for 90 days. Instagram is a newer account for the Center, 
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and as such has the least data available. The selected time frame of 1/01/2024-12/31/2024 is a 

common time frame for all three accounts.  

 

Y464%2<GG7=6-<>%%

Data was collected on a monthly and daily basis for each account. X and LinkedIn 

allowed for the download of daily metrics with slight limitations.  Daily metrics were then 

aggregated by month to provide insight on monthly performance. Instagram does not permit 

downloading data, so the data was collected and formatted into a spreadsheet each month. 

Metrics related to ads or sponsored content were omitted because it is not applicable to the 

STEPS’ accounts. 

In addition to monthly and post metrics, post attributes were categorized. Post metrics 

provide insight on post-performance, and post attributes provide information on post 

composition and can shed light on what is important to engagement and reach (Table 5). Each 

post is categorized by one category which best fits its purpose. These attributes are: 

+&-$!0(2S7)$: What the post is about (connects to message and content identity). There 

are 11 subject categories posts fall under. They are education/awareness, events, scholars, 

research updates, national holidays, PhosForUs updates, publication announcements, award 

announcements, conference/presentations, general posts, and P Week.  These categories were 

picked because of their importance to the Center and our overall message. P week was separated 

from the “event” category because of its role in the center’s public awareness goals. On LinkedIn 

and X where reposting is possible, “repost” is a subject. Reposts with additional insight from the 

account are included in this analysis because that additional information is reported as a unique 
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post. Reposts without additional material are not included because post metrics are not reported 

by the platforms.  

+&-$!:4.7 : How the post is structured. This can be a single picture, single graphic, 

multiple pictures, multiple graphics, video/reel, or text only. The type of post influences overall 

engagement because users tend to interact with eye-catching and creative content more.  

T(827%!&9!:1>-U The number of accounts tagged in the post. Tagging other accounts in 

posts can help increase reach by prompting sharing and engagement. On a scientific account, 

tagging other accounts can include researchers, students, organizations, and other groups. This 

can help individuals share their accomplishments and work to a wider audience and promote 

networking.  

T(827%!&9!V1-,$1>-U Hashtags are a quintessential aspect of social media. Hashtags 

help reach by adding posts with a hashtag to a larger group of posts that also use that same 

hashtag (AMA, 2024). However, with changes to social media algorithms on all platforms, 

hashtags are increasingly less important to reach (AMA, 2024).   

O*#6-!W-7'U links can only be used on LinkedIn and X. Links allow users to access 

external media such as publications and news articles. Links used note if a link was or was not 

included in a post. !

<71$(%7-!+7&.37U If the post features people. Posts that feature people tend to perform 

better than posts that do not. Users are naturally drawn to posts that showcase other people.  
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Instagram story data was not collected for this study. Stories are temporary posts that 

appear in a separate section for Stories on the Instagram home screen. STEPS posted a similar 

number of stories as permanent profile posts, but engagement for stories is noticeably lower and 

will not yield beneficial results. In addition, story analytics are different from what is collected 

on posts, so the metrics used do not match those used throughout the study. Finally, unless a 

story is saved to a highlight circle on an account’s profile page, stories disappear from public 

view after 24 hours.  

Additionally, the demographics information was not used for this study. Although 

demographic information sheds light on who the audience of the STEPS’ accounts are, audience 

analysis is outside of the scope of this study.  Finally, profile activity was not considered in this 

study. Profile activity describes the actions taken by users when they view the profile, such as 

following the account. Although this information can be beneficial in some instances, profile 

activity is also outside of the scope of this study.!

 

Y464%!-?-646-<>C%%

While all three platforms share similar metrics, syncing the data across all three is a 

limitation. Each platform caters to different audiences, and so posts were varied to meet the 

needs of each. Analysis and strategies are not one size fits all, and it is difficult to compare 

across platforms. In addition, the platforms only share a handful of metrics, so comparison is 

limited. As such, for this analysis, the three platforms are kept separate and evaluated 

individually.  
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Furthermore, social media algorithms and platform data collection are always changing 

and updating. For example, during this study’s data collection, Instagram switched the way non-

follower versus follower counts were displayed – going from providing simple counts to 

percentages. Some of these updates are easily overcome, such as converting percentages back to 

numbers, but some are more difficult. For example, toward the end of the timeframe used here, X 

began reporting the number of accounts that unfollowed and as a result, that information was 

only available for a small portion of the data set.  

 

R7$,&'- !!

Statistical methods provide valuable information on general performance of the STEPS 

Center social media accounts and allow for inference about the accounts’ performance. Due to 

the large and complex nature of the data and the goals of this analysis, machine learning is a 

suitable method for the post specific analysis. Machine learning algorithms find generalized 

patterns and concentrations on predictions (Bzok et al., 2018).  

Traditional regression analysis and tree models both have merit and are beneficial in 

certain situations. In this work, a Poisson regression was first used because the number of 

engagements and reach are distinct counts.  Reach is measured by impressions across all three 

platforms and the number of accounts reached as well on Instagram. Engagement is measured by 

the total number of engagements received by a post across all three platforms and number of 

accounts engaged as well on Instagram. The results of the regression analysis can be found in 

appendix 1. 
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The random forest (RF) and decision tree methods can yield better results than traditional 

regression analysis that meet the needs of this research (James et al., 2013). Random forests 

expand on traditional decision tree analysis by creating multiple trees, developing a forest. RF 

generally has better accuracy and robustness. If the prediction occurs in multiple decision trees, it 

increases as a prediction in the forest (TK et al., 2020). RF and decision trees use bootstrap 

aggregation – bagging – when sampling the data set. Additional data splitting and validation 

methods, such as 80/20 training and testing and K-Folds cross validation can be included, but 

tradeoffs between data set size, generalizability, and improvements to the models need to be 

considered if combining. RF has several key benefits. First, due to the ample number of trees in a 

forest, the risk of overfitting the data is reduced. Second, and key to this research, the importance 

of features can be determined through random forests (IBM, n.d.).  

We used R Studio as the primary software for analysis. R studios has numerous packages 

that aid in analysis, such as the RandomForest or RandomForestExplainer packages, both 

particularly useful in this workX!Once the data was collected, it was processed in R, such as 

renaming of variables and encoding categorical variables to numerical variables. Data analysis 

was completed in four steps: summary statistics, regression analysis, decision trees, and finally 

random forests. Summary statistics highlight monthly trends and overall performance of the 

accounts. The progression of statistical analysis builds off the previous step and provides 

evidence of the usefulness of machine learning. To understand the validity of the models, Mean 

Squared Error (MSE) and R-squared values were used as well. These are two common measures 

of accuracy in regression modeling with decision trees and random forests. Once data analysis 

was complete, feature importance was extracted and visualized. Figure 4 demonstrates the 

workflow for data analysis. 



 

 

 

95 

 

 

 

'-PE87%L+%U<8VDG<A%<D%4>4GBC-C+% %

 !



 

 

 

96 

;7-(3$- !!

In this section, we report the results of several analyses of the social media account data: 

general account performance and growth, individual account regression results, decision tree 

results, and finally random forest results. 
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Between January and December 2024, the STEPS Center Instagram account posted 157 

posts.  Table 6 shows a comprehensive table of results which outlines the total number of posts 

by subject and type. The most posting was done in April, and the least was done in May, with an 

average of 13 posts per month. Posts covered a range of subjects and mainly consisted of events, 

publications, and scholar highlights. 44.5% of posts were single graphics and only 12.7% of 

posts were videos. Several of the categories were 0 due to posting styles on the platform. For 

example, Instagram does not allow a post to just be typed text; a user must create a visual of 

some kind to accompany the text caption. 

Post interactions fluctuated greatly in this timeframe; post engagement data is presented 

in Figure 5. The total number of likes received is 1,135, with the most likes occurring in April 

and October. Phosphorus Week (P Week), the annual education and awareness week, occurs in 

April. 63 of the likes from April were on P Week posts, making up about 40% of the total likes 

from April.  Likes are the most common form of interaction received. Content was shared 54 

times, with the most sharing occurring in October and November. Content was saved 12 times, 

and 14 comments were received.  
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Between January and December 2024, 5,595 accounts were reached, whereas 393 

accounts were engaged. Engagement increases steadily which follows the increase in followers. 

The difference between the number of accounts reached and the number of accounts engaged is a 

significant gap (p-value = 0.002). Across all months, the STEPS Center Instagram reached far 

more accounts than it engaged (see Figure 6). Furthermore, the STEPS Instagram content 

reaches far more non-followers, but engages more followers (see Figure 7 and Figure 8).  



 

 

 

98 

 

 

'-PE87%Z+%$<64G%4==<E>6C%874=37;%4>;%7>P4P7;%<>%">C64P84?+%

 

 

 

 

'-PE87%S+%$<64G%>E?F78%<D%4==<E>6C%874=37;[%FB%D<GG<A78C%4>;%><>WD<GG<A78C[%<>%">C64P84?+%



 

 

 

99 

 

'-PE87%K+%$<64G%>E?F78%<D%4==<E>6C%7>P4P7;[%FB%D<GG<A78C%4>;%><>WD<GG<A78C[%<>%">C64P84?+%

 

!->V7;">%

The STEPS Center LinkedIn posted 183 posts in 2024, slightly higher than the number of 

Instagram posts, as shown on Table 6. LinkedIn allows for content to be reposted, which means a 

post can directly incorporate another user’s post. The STEPS LinkedIn regularly reposted other 

posts and many of the STEPS’ posts were reposted by other users. Being reposted is moderately 

correlated with reach and engagement (Pearson coefficient of 0.58 for impressions and 0.56 for 

engagement). Like Instagram, the most posted subjects were events (36) followed by 

publications (25). Of the 183 posts, 57 were single graphics and 57 for just text. Unlike 

Instagram, LinkedIn allows posts to be text only with no visuals. Like Instagram, the month in 

which most posts were published was April, followed closely by March.  

The most common type of post interaction on LinkedIn was clicks, with a total of 7,089 

clicks. However, clicks can be a deceiving metric because it counts the number of times a post 

was clicked on, which can include several possible categories of interaction, including reactions, 
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link clicks, saves, bookmarks, and simply clicking on the content to view the full post. The broad 

nature of clicks prevents a meaningful understanding of how posts are interacted with. When 

clicks are removed, reactions are the most common interaction for posts (Figure 9). 
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Much like Instagram, a large difference exists between the number of accounts reached 

and the number of engagements on content, as shown in Figure 10. The difference between reach 

and engagement is significant (p=0.000).  
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On X, 305 posts were made between January and December 2024, as detailed on Table 6. 

The number of posts is higher than the other two platforms because each thread section is 

considered its own post. STEPS posted 73 threads with just text and four that included pictures. 

Threads are necessary on X because of the 240-character limit for per post; posts longer than this 

that are a single post on Instagram or LinkedIn must get divided into multiple posts on X. 

Another unique post subject to X is P Fact Friday. These short videos were posted 41 times and 

aimed to show facts that represented the broad presence of phosphorus in daily life. Like the 

other two accounts, 38 posts were about events, 22 were about publications, and 25 were about 

scholars. Post media were broken down as follows: 57 posts were videos, 70 were single 

graphics, and 99 were just text. Like Instagram and LinkedIn, April had the most posts. March 

closely followed February in the case of X due the use of threads for posts. 
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X has the broadest definition of post interactions, including views and profile visits, 

which are categorized differently on the other two platforms (profile visits are categorized as 

“profile activity” on Instagram). To show forms of interaction that are comparable to the other 

platforms, only likes, bookmarks, shares, reposts, and replies are included in the graph below. 

Like the other two platforms, likes are the most common form of engagement on X, with 667 

likes between January and December. Replies (the same as comments) are the next most used 

form of engagement. Shares (reposts) represented the smallest proportion of engagement on the 

STEPS X account (see Figure 11). During the latter half of the year, all forms of engagement on 

X decreased, especially after October.  
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Also like the other two platforms, there is a drastic difference between accounts reached 

and those engaged (P=0.000) (see Figure 12).  
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 Instagram X LinkedIn 

 0(2S7)$ 

Award 14 10 12 

Conference 10 10 12 

Education/Awareness 13 13 12 

Event 35 38 36 

General Post 6 6 5 

National Day 16 16 17 

P Fact 0 41 0 

P Week 12 19 18 

PhosForUs 4 4 3 

Publication 23 22 25 

Repost 0 21 24 

Research 5 3 4 

Scholar 19 25 14 

Thread with Pictures 0 4 0 

Thread with Text 0 73 0 
Job posting 0 0 1 

 :4.7  

Reel/Video 20 57 17 

Single Picture 26 33 17 

Single Graphic 70 70 57 

Multiple Pictures 25 28 20 

Multiple Graphics 16 18 14 

Text 0 99 58 

Total Number of Posts 157 305 183 
 !
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Total engagements on Instagram posts were best modeled by K-folds (K=5) cross 

validation method, with an R-squared value of 0.17. The most important feature to predicting 

total engagement is the presence of people in the post and the post type (Figure 13).!Aspects of 

the post, like use of hashtags and tagging other accounts, is a far less important category to 

overall engagement. Finally, time of day does not end up being important at all (Figure 13). 

The number of accounts reached was also best modeled by K-folds (K=5) cross 

validation method, with an R-squared value of 0.17. The total number of engagements a post 

received was the most important feature to predicting the number of accounts reached (figure 

14).!Closely related in importance are the subject of the post, use of hashtags, and the type of 

post (Figure 14).!Minimally important is featuring people (Figure 14).!Overall, measuring reach 

using total number of impressions was minimally helpful and the results did not add additional 

insight.  
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Total engagements on LinkedIn were best modeled using K-folds (K=5) cross validation 

method, with an R-squared value of 0.25. The type of post, featuring people, and the subject are 

the most important features to predicting total engagement (Figure 15). The use of links and 

tagging other accounts is minimally important and the use of hashtags is not important (Figure 

15). 

Total impressions on LinkedIn were best modeled using K-fold (K=5) cross validation 

method, with an R-squared of 0.345. Like Instagram, total engagements were most important to 

predicting impressions (Figure 16).!The use of links was not important to predicting impressions 

(Figure 16). 
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Total engagements on X are modeled best by using K-folds (K=5) cross validation 

method, with an R-squared value of 0.245. Like the other platforms, subject, featuring people, 

and the type of post were important to predicting total engagements. The use of hashtags and 

links were minimally important (Figure 17).  

Total impression was modeled best by using K-folds (K=5) cross validation method, with 

an R-squared value of 0.486. Like the other platforms, total engagements were most important to 

predicting total impressions of a post (Figure 18). Interestingly, the use of hashtags was not 

important to predicting impressions; as that is typically viewed as a traditional practice to 

increase reach on social media platforms (Figure 18).! 
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Overall, the decision tree models performed moderately well, but remain a simple 

representation of the complexities of social media engagement and reach modeling.  

%
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For total engagements on Instagram, the first measure is feature importance, as judged by 

the increase in MSE when that variable is removed or changed in the model. For engagement, 

much like the decision tree models showed, featuring people and the type of post are very 

important to predicting total engagements. Tagging other accounts and hashtags is far less 

important to predict engagement (Figure 19).!Another key measure of importance is minimal 

depth. The minimal depth of a variable describes how far from the root of a tree the variable is 
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used. The closer to the start, represented by a smaller number, that a variable is used to split 

indicates its predictive importances to the model. The more often it appears earlier in the tree, the 

more important it is to predict the variable of interest. The mean distance across all trees is 

reported as well in the figures below. The presence of people and post type are the most 

important features to predict engagement (Figure 20). 
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For reach on Instagram, as measured by total number of accounts reached, random forest 

analysis does not perform as well at predicting the outcome, with only 5% of the variation in the 

data explained. Unsurprisingly, the most important feature to predicting reach is total 

engagements, followed by the time of day the post is published (Figure 21). Traditional features 

to increase reach, such as using hashtags and tagging accounts, are important as well (Figure 21). 

The subject of the post and the type are not important and their inclusion negatively impacts the 

predictions (Figure 21). Additionally, the minimal depth results show total engagement as being 

important to the prediction of accounts reached (Figure 22). Increases in MSE and the minimal 

depth are often closely aligned but can vary because they measure two different importance 

measures. 
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For total engagements on LinkedIn, the first measure is feature importance, as judged by 

the increase in MSE when that variable is removed or changed in the model. For engagement, 

much like the decision tree models showed, featuring people and the type of post are important 

to predicting total engagements. The use of links and hashtags are less important, and tagging 

other accounts is not important to the model (Figure 23). Using minimal depth, the type of post 

and featuring people are most important to predicting engagement (Figure 24). The use of links 

is used further on in the trees and is not as important to initial splits (Figure 24).  
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For reach on LinkedIn, as measured by the number of impressions, random forest 

analysis does about the same when comparing the variation in the data explained, about 17%. 

Unsurprisingly, the most important feature to predicting reach is total engagements followed by 

the type of post (Figure 25).!Traditional features to increase reach, use of hashtags and tagging 

accounts, are not important to this model (Figure 25).!The use of links is somewhat important to 

the model (Figure 25).!Additionally, the minimal depth results show total engagement as being 

important to predict the number of accounts reached (Figure 26).  
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For total engagements on X, the first measure is feature importance, as judged by the 

increase in MSE when that variable is removed or changed in the model. For engagement, 

featuring people, type of post, and the subject are very important to predicting total engagements 

(Figure 27). The use of links and hashtags are less important and tagging other accounts is not 

important to the model (Figure 27). Using minimal depth, the type of post and featuring people 

are most important to predicting engagement. The use of links is minimally important (Figure 

28).! 
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For reach on X, as measured by total number of impressions, random forest analysis does 

better in predicting impressions than engagements, 43% compared to 18%. X random forests are 

the best performing Random Forests.  Unsurprisingly, the most important feature to predicting 

reach is total engagements followed by the subject (Figure 29).  Traditional features are far less 

important to this model (Figure 29). The use of links is not important (Figure 29). Additionally, 

the minimal depth results show total engagement as being important to the predictions of 

accounts reached (Figure 30).  
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Reach and engagement are the two primary metrics to prioritize for social media accounts 

to be successful. Reach and engagement require different strategies to achieve and should not be 

prioritized equally. Reach only indicates the number of times content was on a user’s screen 

while engagement indicates the number of times a user actively engages with the post. The 

important distinction between reach and engagement is reach can be passively achieved, and 

engagement requires active participation from the user.  
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In predicting total engagements, the presence of people in the post appeared important on 

all three platforms (Figures 19-20, 23-24, 27-28).!This feature aligns with current best practices 

and research (van der Harst et al., 2024). Having more engagement on posts that feature people 

connected to a broader body of psychology literature that indicates individuals seek out and 

respond to human faces (Rienzi, 2024). Although the psychological explanations for social 

media behavior are outside of the scope of this work, it is important to recognize the broad range 

of factors that influence engagement. In addition to featuring people, the type of post and the 

subject of the post play a role of varying importances in engagement across the three platforms. 

Best practices for crafting social media content often advise using a variety of engaging and eye-

catching visuals, which directly relates to the type of post used in the context of this research. A 

specific example of a post type that performs well is videos. Videos are an attention-grabbing 

way to display information that requires less effort from the audience to gain information (Black, 

2022). Features such as tags, hashtags, and links have been traditionally used to boost reach 

because they allow the post to be categorized and shared more broadly. Due to their role in posts, 

it is unsurprising they are less important to predicting engagement.  

In predicting reach, features that factor into the social media algorithm(s) are traditionally 

important. The most common and researched social media strategy to increase reach is using 

hashtags. Hashtags were a best practice during the early to mid 2000s; however, as social media 

algorithms change, hashtags become increasingly less important to reach. This decrease in 

importance is evident across all social media platforms used in this study (Figures 21-22, 25-26, 

29-30). Total engagements are the most important feature to predict reach (Figures 21-22, 25-26, 

29-30). Instagram, for example, uses several algorithms to promote and highlight content across 

the app. The algorithms use “signals” to evaluate and boost content. One such signal is the 
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engagement of a post, which indicates its popularity. The relationship between engagement and 

reach is evident on LinkedIn and X as well due to the ways the algorithms prioritize engagement 

as a signal to promote content. A feature on LinkedIn and X that Instagram does not have is the 

ability to use links. Links direct users to external content, such as a news article or podcast 

episode. The use of links can negatively impact reach because social media platforms may 

suppress posts with links to ensure users stay on the platform. Link suppression is not confirmed 

by LinkedIn or X, but well established observationally (Mason, 2024).  

In this digital age, a lot of information on social media competes for users' attention. 

Social media content not only needs to reach users but grab attention and engage them. There is a 

significant difference between reach and engagement in the context of STEPS Center social 

media.  Reach and engagement are complementary—the post needs to get to a user’s screen for 

them to engage with it—but which metric is more important depends on the overall goals and 

objectives for the account.  

STEPS sets a goal of “elevating phosphorus sustainability in the public consciousness” in 

their 2021 Roadmap (STEPS, 2021). This study specifically evaluates STEPS’ progress toward 

this goal in the context of social media. During this research, the STEPS social media accounts 

have reached and engaged thousands of users. Understanding social media’s role in increasing 

public awareness is limited, but research has shown that social media poses itself as a promising 

avenue for public awareness of environmental issues. To advance the Center’s goal, the primary 

objective of the social media strategy should be to increase engagement. Engagements are an 

integral part of reach, and it is far easier to control because the features that are important are 

easily controlled by the content makers. Second, engagement requires active involvement of the 

user, whereas reach can be passive. Due to the nature of reach, it is difficult to understand if 
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users are deliberately pausing their scrolling to view the content or if it is just something that 

appears on their screen. Importantly, engagement also helps build networks, which is especially 

important on LinkedIn because it is primarily a professional networking site. Although reach is 

an important aspect of social media, in the context of STEPS, the social media strategy should 

prioritize engagement and reach will naturally follow.  

The results of this study corroborate shifts in science communication theory over time, 

where the information deficit model has been critiqued and replaced with calls for dialogic 

approaches (Reincke et al., 2020). The deficit model focuses on one-way communication, where 

experts prioritize simply “filling knowledge gaps” the public has. Using the deficit model as a 

framework for extending science communication to social media, reach would be the metric to 

prioritize. However, focusing on reach as a goal only captures the number of users’ screens 

content appears on and does not capture intentional learning and understanding. Like the deficit 

model, reach fails to capture the deliberate choices required to effectively capture the audience’s 

attention and therefore learn the information.  Instead, prioritizing dialogue, or engagement with 

the audience, is a more effective approach for achieving science communication goals. Recent 

updates to the social media platform algorithms show that engaging posts are important to having 

strong reach metrics, further cementing that simply giving the information is not 

enough.  Prioritizing engagement is more aligned with current frameworks for evaluating science 

communication that account for the complexities of engaging online audiences. Two such 

frameworks, AMEC Integrated Evaluation Framework and PEST, go beyond simply 

disseminating information and place value on the audience’s response and understanding of the 

information. The empirical approach used here is an important next step in enhancing evaluation 
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of science communication and provides practitioners with clear strategies for their own science 

communication on social media.  
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Determining how to achieve engagement is critical for successful science communication 

on social media.  In this section, we analyze the three posts that were STEPS’ most engaged with 

posts from 2024. They highlight the features and platform-specific elements that are important 

for engagement.  

">C64P84?%%

On Instagram, the most engaged post is tied between two videos that featured people, 

were general posts, and tapped into a current social media trend. Both posts had 28 engagements, 

with most being likes. Social media trends are topics or styles of posting that are immensely 

popular for a period of time (SocialBee, 2025). Trends reflect constantly changing behavior and 

desired content of online users. Content that is deemed “trendy” is often more engaging, and thus 

further shared (SocialBee, 2025).  Trends become popular because they are easily replicated, 

adapted to different contexts, and have emotional or humorous elements that users connect to 

(SocialBee, 2025). For accounts with goals of increasing engagement, crafting posts that 

capitalize on trends can be beneficial. Additionally, video content is seen as more engaging than 

static because it captures and holds the attention of the audience better.  

The trend in the STEPS Center Instagram’s most engaging posts was “The Gen Z Intern 

Wrote the Script” (see Figure 31). This trend first appeared on TikTok and Instagram in the 

summer of 2024 and was quickly adapted by numerous organizations. This trend draws on 

language differences between generations to talk about that account's main purpose. With a large 
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variety of words and phrases to use, this trend is easily adapted to any context. The videos are 

humorous because the individual delivering the Gen-Z message is often older, creating a 

humorous juxtaposition. STEPS transformed Gen-Z slang into phosphorus- and STEPS-specific 

content to deliver easily digestible and fun material. Figure 32 shows the cover images used on 

each video. Cover images are picked using the same features as a static image. Cover images are 

an important aspect for an account to appeal to an audience, as they are what viewers see on an 

account’s page to represent a video. The cover images of the highly engaged videos both feature 

people and give a brief title of what the video is about.  
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On LinkedIn, the most engaging post was also the most reached post. Figure 32, from 

January, received 133 engagements and 10,326 impressions. The post was about an award, just 

text, tagged one other account, featured people, and used 7 hashtags. This post was important to 

the center and was shared widely by other users.  

The most engaging post on LinkedIn highlights the professional networking nature of the 

platform. The Memorandum of Understanding (MOU) this post highlights was a professional 

partnership step that was very important to the center and aligns to the type of content that 

traditionally does well on LinkedIn. This is further supported by this post also having the most 

impressions. The large number of impressions can be two large accounts being tagged, the use of 

hashtags, and was reposted 13 times.   
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On X, the most engaging post was from January 2024 and received 96 engagements. The 

post was multiple pictures, featured people, used 2 hashtags, and did not tag any accounts or use 

links (Figure 33). The post was a recap showcasing four photos from that day’s activities. This 

post highlights several of the important features to X engagement. First, using multiple pictures 

generally increases engagement. Secondly, the post features people, an important feature to 

engagement across all platforms. A primary purpose of X is to be a place users can provide real 

time updates of their thoughts and lives. A retreat day’s recap is a common form of real time 

update on the platform.  
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The approach used in this study uses existing methods for social media data analysis and 

applies them in a new way. Social media best practices and insights are regularly commented on 

in grey literature, but little empirical research exists to systematically study strategies of 

successful accounts. Furthermore, best practices are often discussed in a general context or 

geared toward business development, e.g. for companies seeking to increase visibility and sales 

online. The STEPS Center, like many research centers, are not businesses and are governed by 

different guiding goals and values. STEPS sets a goal of increasing phosphorus sustainability in 
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the public consciousness and education and social media is a promising way of engaging a wider 

audience.  
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There are several limitations in this work. First, the data sets for each platform are small 

and only represent a year of data. For data analysis with machine learning, the bigger the data set 

the better. A longer time frame would benefit this analysis by providing more observations. 

Secondly, only!five features were picked. These features were picked based on existing best 

practices, but additional features can be used. Additionally, no interactions were considered in 

this analysis. The composition and features of posts can come together to create engaging 

content and promote reach. Future research should consider the role of interactions between 

features. An aspect of posting that is only tangentially considered here are captions. Tags, links, 

and hashtags are features that were part of the captions, but there are other aspects that would be 

considered, such as use of emojis, number of words, or format of the caption. Features of the 

caption could be included in an analysis like this work or additional methods, like semantic 

analysis, could be considered. Semantic analysis would specifically shed light on the words used 

and overall messaging. In addition, the demographic data was not used in this research. An 

audience analysis would offer an entirely different point of view. Additionally, this research only 

considers one primary machine learning method. There are several methods that could be 

considered and explored.  

The random forest models presented in this research only capture the overall importance 

of post subject and type. Specific insight on what types or subjects are the most important or 

have larger amounts of reach and engagement is unclear. The regression analysis offers 
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minimally significant insight on the particular impact of specific subjects and types of post. To 

begin to understand if there is a significant difference between different subjects and types, 

additional work can be done. One method to achieve this is Analysis of Variance (ANOVA) to 

establish general differences and Pairwise Comparison to further understand the difference in 

total engagement and reach between subjects and types. Initial ANOVA and Pairwise 

Comparison results show that there are significant differences between total engagement and 

reach between several post subjects and types.  

A major aspect of social media usage that is not included in this work, is the STEPS 

Center’s own engagement with other users. Social media is a reciprocal process and an account's 

own activity is a factor of reach. The more active an account is, the more likely the social media 

algorithm will boost their material. Data regarding a user's individual engagement and activity on 

a platform is not readily available.  

Finally, at the end of 2024, STEPS ended the use of X and began using Bluesky. Bluesky 

is a new platform that is quickly building its user base. As of now, Bluesky does not offer data 

analytics currently but hopefully will in the future. Access to Bluesky data would provide insight 

into the best practices and use of an entirely different platform that has seen uptake among 

scientific research communities.  

 

P&#)3(-*&#-!

In this increasingly digital age, online science communication efforts allow for broad 

audience reach and engagement.  This research aims to fill the knowledge gap around science 

communication efforts on social media platforms. By using random forests, we start to make 

sense of the complex data presented by social media platforms and align science communication 
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best practices to common social media practices. These results show the same things that are 

important to social media engagement and reach generally are true in this context as well. 

Furthermore, due to engagement's role in the broader algorithms and the significant difference 

between reach and engagement, our findings suggest that the engagement metric be a key goal.  

This research showcases the social media efforts of one specific research center, STEPS, 

over the course of a year. Our work is generalizable to other research centers and other research 

organizations that want to improve their online presence on social media.  

  



 

 

 

134 

;797%7#)7-!

Adobe. (2023, February 28). $37%-?5<864>=7%<D%=<>C-C67>6%5<C6->P%D<8%C<=-4G%?7;-4%=8746<8C. 
Adobe. Retrieved February 12, 2025, from 
https://www.adobe.com/express/learn/blog/consistent-posting-creators 

  
American Association for the Advancement of Science. (n.d.). 2<??E>-=46->P%#=-7>=7%&>G->7. 

AAAS. Retrieved January 28, 2025, from https://www.aaas.org/programs/public-
engagement/communicating-science-online 

  
American Marketing Association. (2024, August 19). R4C364PC%->%9O9N+%Y<%$37B%U<8Vb 

American Marketing Association. Retrieved March 10, 2025, from 
https://www.ama.org/marketing-news/social-media-hashtags/ 

  
Black, M. (2022, November 27). N%074C<>C%U3B%c<E%#3<EG;%)7%28746->P%a-;7<%2<>67>6%<>%

#<=-4G%I7;-4:%$-5C%4>;%$<<GC. Eternity Marketing. https://eternitymarketing.com/blog/5-
reasons-why-you-should-be-creating-video-content-on-social-media-tips-and-
tools#Step%20One 

 
Bello-Orgaz, G., Jung, J., & Camacho, D. (2016). Social big data: Recent achievements and new 

challenges. ">D<8?46-<>%'EC-<>, 9K. http://dx.doi.org/10.1016/j.inffus.2015.08.005 
  
Bogers, M. (2021). Five principles for scientists on social media. Q46E87, NTH, 37. doi: 

https://doi.org/10.1038/d41586-021-01002-1 
  
Brady, W., Jackson, J., Lindstrom, B., & Crockett, M. (2023). Algorithm-mediated social 

learning in online social networks. $87>;C%->%2<P>-6-,7%#=-7>=7, 9S(10). 
https://doi.org/10.1016/j.tics.2023.06.008 

  
Burns, T., O'Connor, D., & Stocklmayer, S. (2003). Science Communication: A Contemporary 

Definition. @EFG-=%/>;78C64>;->P%<D%#=-7>=7, M9(2). 
https://journals.sagepub.com/doi/10.1177/09636625030122004#:~:text=https%3A//doi.or
g/10.1177/09636625030122004 

  
Bzdok, D., Altman, N., & Krzywinski, M. (2018). Statistics versus machine learning. Q46E87%

I763<;C, MN(4). https://doi.org/10.1038/nmeth.4642 
 
Canfield, K., & Chatelain, C. (2024). Using science communication research to practice iterative 

engagement in collaborative nutrient management. J<E8>4G%<D%#=-7>=7%2<??E>-=46-<>, 
9H(3). https://doi.org/10.22323/2.23030801 

  
Cho, H., Li, P., Ngien, A., Tan, M., Chen, A., & Nekmat, E. (2023). The bright and dark sides of 

social media use during COVID-19 lockdown: Contrasting social media effects through 
social liability vs. social support. 2<?5E678C%->%RE?4>%)734,-<8. 
https://doi.org/10.1016/j.chb.2023.107795 

  

https://www.adobe.com/express/learn/blog/consistent-posting-creators
https://www.adobe.com/express/learn/blog/consistent-posting-creators
https://www.aaas.org/programs/public-engagement/communicating-science-online
https://www.aaas.org/programs/public-engagement/communicating-science-online
https://www.ama.org/marketing-news/social-media-hashtags/
https://www.ama.org/marketing-news/social-media-hashtags/
https://eternitymarketing.com/blog/5-reasons-why-you-should-be-creating-video-content-on-social-media-tips-and-tools#Step%20One
https://eternitymarketing.com/blog/5-reasons-why-you-should-be-creating-video-content-on-social-media-tips-and-tools#Step%20One
https://eternitymarketing.com/blog/5-reasons-why-you-should-be-creating-video-content-on-social-media-tips-and-tools#Step%20One
https://doi.org/10.1038/d41586-021-01002-1
https://doi.org/10.1038/d41586-021-01002-1
https://doi.org/10.1016/j.tics.2023.06.008
https://doi.org/10.1016/j.tics.2023.06.008
https://journals.sagepub.com/doi/10.1177/09636625030122004#:~:text=https%3A//doi.org/10.1177/09636625030122004
https://journals.sagepub.com/doi/10.1177/09636625030122004#:~:text=https%3A//doi.org/10.1177/09636625030122004
https://journals.sagepub.com/doi/10.1177/09636625030122004#:~:text=https%3A//doi.org/10.1177/09636625030122004
https://doi.org/10.1038/nmeth.4642
https://doi.org/10.1016/j.chb.2023.107795
https://doi.org/10.1016/j.chb.2023.107795


 

 

 

135 

Coletti, A., McGloin, R., Oeldorf-Hirsch, A., & Hamlin, E. (2022). Science Communication on 
Social Media: Examining Cross-Platform Behavioral Engagement. $37%J<E8>4G%<D%#<=-4G%
I7;-4%->%#<=-76B, MM(2). https://thejsms.org/index.php/JSMS/article/view/995/601 

  
Cook, C., O'Connell, N., Hall, T., George, S., Jull, G., Wright, A., Girbes, E., Lewis, J., & 

Hancock, M. (2018). Benefits and Threats to Using Social Media for Presenting and 
Implementing Evidence. J<E8>4G%<D%&863<57;-=%#5<86C%$37845B. 
doi:10.2519/jospt.2018.0601 

  
Dentoni, D., Bitzer, V., & Schouten, G. (2018). Harnessing Wicked Problems in Multi-

stakeholder Partnerships. J<E8>4G%<D%)EC->7CC%*63-=C, MNO. 
https://doi.org/10.1007/s10551-018-3858-6 

  
European Research Executive Agency. (2023, August 11). #=-7>=7%2<??E>-=46-<>:%3<A%C<=-4G%

?7;-4%=4>%7DD7=6-,7GB%F<<C6%B<E8%87C748=3%58<`7=6. European Comission. Retrieved March 
31, 2025, from https://rea.ec.europa.eu/news/science-communication-how-social-media-
can-effectively-boost-your-research-project-2023-08-11_en 

  
Fahnrich, B., Weitkamp, E., & Kupper, J. (2023). Exploring ‘quality’ in science communication 

online: Expert thoughts on how to assess and promote science communication quality in 
digital media contexts. @EFG-=%/>;78C64>;->P%<D%#=-7>=7. 10.1177/09636625221148054 

 
Fischhoff, B. (2019). Evaluating science communication. @Q(#, MMZ. 

www.pnas.org/cgi/doi/10.1073/pnas.1805863115 
  
Funk, C., Gottfried, J., & Mitchell, A. (2017, September 20). #=-7>=7%Q7AC%4>;%">D<8?46-<>%

$<;4B. Pew Research Center. Retrieved January 28, 2025, from 
https://www.pewresearch.org/science/2017/09/20/science-news-and-information-today/ 

  
Gagliardi, A., & Butcher, H. (2025, February 27). R<A%637%">C64P84?%(GP<8-63?%U<8VC%->%9O9N%d%

/G6-?467%.E-;7. Later. Retrieved March 10, 2025, from https://later.com/blog/how-
instagram-algorithm-works/ 

 
Ghani, N., Hamid, S., Hashem, I., & Ahmed, E. (2019). Social media big data analytics: A 

survey. 2<?5E678C%->%RE?4>%)734,-<8, MOM. https://doi.org/10.1016/j.chb.2018.08.039 
 

Ghermandi, A., Langemeyer, J., Van Berkel, D., Calcagni, F., Depietri, Y., Vigl, L., Fox, N., 
Havinga, I., Jäger, H., Kaiser, N., Karasov, O., McPhearson, T., Podschun, S., Ruiz-Frau, 
A., Sinclair, M., Venohr, M., & Wood, S. (2023). Social media data for environmental 
sustainability: A critical review of opportunities, threats, and ethical use. &>7%*4863, 
Z(13). https://doi.org/10.1016/j.oneear.2023.02.008 

  
Groshek, J., & Bronda, S. (2016, August 1). (%2B=G7%<D%I-C->D<8?46-<>. The Brink. Retrieved 

January 28, 2026, from https://www.bu.edu/articles/2016/social-media-distort-misinform-
when-communicating-science/ 

 

https://thejsms.org/index.php/JSMS/article/view/995/601
https://doi.org/10.1007/s10551-018-3858-6
https://doi.org/10.1007/s10551-018-3858-6
https://rea.ec.europa.eu/news/science-communication-how-social-media-can-effectively-boost-your-research-project-2023-08-11_en
https://rea.ec.europa.eu/news/science-communication-how-social-media-can-effectively-boost-your-research-project-2023-08-11_en
https://www.pewresearch.org/science/2017/09/20/science-news-and-information-today/
https://www.pewresearch.org/science/2017/09/20/science-news-and-information-today/
https://later.com/blog/how-instagram-algorithm-works/
https://later.com/blog/how-instagram-algorithm-works/
https://www.bu.edu/articles/2016/social-media-distort-misinform-when-communicating-science/
https://www.bu.edu/articles/2016/social-media-distort-misinform-when-communicating-science/


 

 

 

136 

Guran, M., & Ozarslan, H. (2022). Framing Theory in the Age of Social Media. #<CB4G%I7;B4%
e4fg>;4%e78h7,7G7?7%$7<8-C-, LK. 10.52642/susbed.1142562 

  
Hofstein, A., & Rosenfeld, S. (1996). Bridging the Gap Between Formal and Informal Science 

Learning. #6E;-7C%->%#=-7>=7%*;E=46-<>, 9K. 10.1080/03057269608560085 
  
Huang, Y. (2024, April 12). Is social media a reliable news source? $37%J<3>C%R<5V->C%Q7ACW

!76678. https://www.jhunewsletter.com/article/2024/04/is-social-media-a-reliable-news-
source 

  
IBM. (n.d.). U346%"C%04>;<?%'<87C6b IBM. Retrieved March 10, 2025, from 

https://www.ibm.com/think/topics/random-forest 
 
James, G., Witten, D., Hastie, T., & Tibshirani, R. (2013). (>%">68<;E=6-<>%6<%#646-C6-=4G%

!748>->P%A-63%(55G-=46-<>C%->%0 (1st ed.). Springer. 978-1461471370 
  
Jensen, E. (2014). The problems with science communication evaluation. J<E8>4G%<D%#=-7>=7%

2<??E>-=46-<>. https://jcom.sissa.it/ 
 
Jensen, E., & Gerber, A. (2020). Evidence-Based Science Communication. '8<>6-78C%->%

2<??E>-=46-<>C, L(78). https://doi.org/10.3389/fcomm.2019.00078 
 
King, H., Steiner, K., Hobson, M., Robinson, A., & Clipson, H. (2015). Highlighting the value of 

evidence-based evaluation: pushing back on demands for ‘impact’. J<E8>4G%<D%#=-7>=7%
2<??E>-=46-<>, ML(2). 

  
Jordan, K. (2023). Academics’ perceptions of research impact and engagement through 

interactions on social media platforms. !748>->P[%I7;-4[%4>;%$7=3><G<PB. 
https://doi.org/10.1080/17439884.2022.2065298 

  
Kim, S. (2017). Social Media Algorithms: Why You See What You See. .7<8P76<A>%!4A%

$7=3><G<PB%07,-7A, 9(1). https://perma.cc/J3LD-DX2H 
  
Mason, M. (2024, February 19). #<=-4G%I7;-4%!->V%#E5587CC-<>%-C%#3<86%#-P367;. 

mgmasoncreative.com. https://mgmasoncreative.com/2024/02/19/social-media-link-
suppression-is-short-sighted/ 

  
McKay, B. (2023, December 1). $a%I48V76->PiC%07-P>%"C%&,78j%Q<A%#<=-4G%I7;-4%R4C%$4V7>%"6C%

@G4=7. Forbes. Retrieved January 28, 2025, from 
https://www.forbes.com/councils/forbesagencycouncil/2023/12/01/tv-marketings-reign-
is-over-now-social-media-has-taken-its-
place/#:~:text=This%20year%2C%20social%20media%20users,diverse%20range%20of
%20available%20content. 

  

https://www.jhunewsletter.com/article/2024/04/is-social-media-a-reliable-news-source
https://www.jhunewsletter.com/article/2024/04/is-social-media-a-reliable-news-source
https://www.ibm.com/think/topics/random-forest
https://www.ibm.com/think/topics/random-forest
https://jcom.sissa.it/
https://doi.org/10.3389/fcomm.2019.00078
https://doi.org/10.1080/17439884.2022.2065298
https://doi.org/10.1080/17439884.2022.2065298
https://perma.cc/J3LD-DX2H
https://mgmasoncreative.com/2024/02/19/social-media-link-suppression-is-short-sighted/
https://mgmasoncreative.com/2024/02/19/social-media-link-suppression-is-short-sighted/
https://www.forbes.com/councils/forbesagencycouncil/2023/12/01/tv-marketings-reign-is-over-now-social-media-has-taken-its-place/#:~:text=This%20year%2C%20social%20media%20users,diverse%20range%20of%20available%20content
https://www.forbes.com/councils/forbesagencycouncil/2023/12/01/tv-marketings-reign-is-over-now-social-media-has-taken-its-place/#:~:text=This%20year%2C%20social%20media%20users,diverse%20range%20of%20available%20content
https://www.forbes.com/councils/forbesagencycouncil/2023/12/01/tv-marketings-reign-is-over-now-social-media-has-taken-its-place/#:~:text=This%20year%2C%20social%20media%20users,diverse%20range%20of%20available%20content
https://www.forbes.com/councils/forbesagencycouncil/2023/12/01/tv-marketings-reign-is-over-now-social-media-has-taken-its-place/#:~:text=This%20year%2C%20social%20media%20users,diverse%20range%20of%20available%20content
https://www.forbes.com/councils/forbesagencycouncil/2023/12/01/tv-marketings-reign-is-over-now-social-media-has-taken-its-place/#:~:text=This%20year%2C%20social%20media%20users,diverse%20range%20of%20available%20content


 

 

 

137 

Meadwell, S. (2023, October 6). !->V7;">%,-C-F-G-6B:%$37%8EG7C%<D%7>P4P7?7>6%4>;%3<A%><6%6<%V-GG%
B<E8%874=3. LinkedIn. https://www.linkedin.com/pulse/linkedin-visibility-rules-
engagement-how-kill-your-reach-meadwell/ 

  
National Academies of Sciences, Engineering, and Medicine, National Academies of Sciences, 

Engineering, and Medicine (U.S.). Committee on the Science of Science Communication: 
a Research Agenda, & Division of Behavioral and Social Sciences and Education. 
(2017). 2<??E>-=46->P%#=-7>=7%*DD7=6-,7GB:%(%07C748=3%(P7>;4. National Academies 
Press. 10.17226/23674 

  
National Science Foundation. (2020, May 15). #=-7>=7%4>;%$7=3><G<PB:%@EFG-=%(66-6E;7C[%

k><AG7;P7[%4>;%">6787C6. ncses.nsf.gov. Retrieved March 10, 2025, from 
https://ncses.nsf.gov/pubs/nsb20207/interest-information-sources-and-involvement 

  
National Science Foundation. (2022). Perspectives on Broader Impacts. https://nsf-gov-

resources.nsf.gov/2022-09/Broader_Impacts_0.pdf 
  
National Science Foundation. (2023). Official Policy on Brand Standards of the U.S. National 

Science Foundation. 
  
Negretti, R., Persson, M., & Sjoberg-Hawke, C. (2022). Science stories: researchers’ experiences 

of writing science communication and the implications for training future scientists. 
">678>46-<>4G%J<E8>4G%<D%#=-7>=7%*;E=46-<>[%@486%). 
https://doi.org/10.1080/21548455.2022.2060530 

  
Newman, N. (2024, June 17). &,78,-7A%4>;%V7B%D->;->PC%<D%637%9O9L%Y-P-64G%Q7AC%075<86. 

Reuters Institute for the Study of Journalism. Retrieved January 28, 2025, from 
https://reutersinstitute.politics.ox.ac.uk/digital-news-report/2024/dnr-executive-summary 

  
Oliver, E., Redondo-Sama, G., López de Aguileta, A., & Burgues-Freitas, A. (2023). Research 

agenda to engage citizens in science through social media communicative observations. 
R/I(Q"$"*#%(QY%#&2"(!%#2"*Q2*#%2&II/Q"2($"&Q# . 
https://doi.org/10.1057/s41599-023-01954-x 

  
Pace University. (2024, June 27). 2<??E>-=46-<>C%)7C6%@84=6-=7C%D<8%#<=-4G%I7;-4. Retrieved 

January 31, 2025, from https://online.pace.edu/articles/communications/communications-
best-practices-social-media/ 

  
Panko, B. (2017, August 23). A Decade Ago, the Hashtag Reshaped the Internet. #?-63C<>-4>. 

https://www.smithsonianmag.com/smart-news/decade-ago-hashtag-reshaped-internet-
180964605/ 

  
Pew Research Center. (2024, November 13). Y7?<P8453-=C%<D%#<=-4G%I7;-4%/C78C%4>;%(;<56-<>%

->%637%/>-67;%#6467C. Pew Research Center. Retrieved January 28, 2025, from 
https://www.pewresearch.org/internet/fact-sheet/social-media/ 

 

https://www.linkedin.com/pulse/linkedin-visibility-rules-engagement-how-kill-your-reach-meadwell/
https://www.linkedin.com/pulse/linkedin-visibility-rules-engagement-how-kill-your-reach-meadwell/
https://ncses.nsf.gov/pubs/nsb20207/interest-information-sources-and-involvement
https://ncses.nsf.gov/pubs/nsb20207/interest-information-sources-and-involvement
https://nsf-gov-resources.nsf.gov/2022-09/Broader_Impacts_0.pdf
https://nsf-gov-resources.nsf.gov/2022-09/Broader_Impacts_0.pdf
https://doi.org/10.1080/21548455.2022.2060530
https://doi.org/10.1080/21548455.2022.2060530
https://reutersinstitute.politics.ox.ac.uk/digital-news-report/2024/dnr-executive-summary
https://reutersinstitute.politics.ox.ac.uk/digital-news-report/2024/dnr-executive-summary
https://doi.org/10.1057/s41599-023-01954-x
https://doi.org/10.1057/s41599-023-01954-x
https://online.pace.edu/articles/communications/communications-best-practices-social-media/
https://online.pace.edu/articles/communications/communications-best-practices-social-media/
https://www.smithsonianmag.com/smart-news/decade-ago-hashtag-reshaped-internet-180964605/
https://www.smithsonianmag.com/smart-news/decade-ago-hashtag-reshaped-internet-180964605/
https://www.smithsonianmag.com/smart-news/decade-ago-hashtag-reshaped-internet-180964605/
https://www.pewresearch.org/internet/fact-sheet/social-media/
https://www.pewresearch.org/internet/fact-sheet/social-media/


 

 

 

138 

Osterrieder, A. (2013). The value and use of social media as a communication tool in the plant 
sciences. @G4>6%I763<;C, T. https://doi.org/10.1186/1746-4811-9-26 

  
Reincke, C. M., Bredenoord, A. L., & van Mil, M. (2020). From deficit to dialogue in science 

communication. *I)&%075<86C. 10.15252/embr.202051278 
  
Reuters Institute. (2024). Digital News Report. 

https://reutersinstitute.politics.ox.ac.uk/sites/default/files/2024-
06/RISJ_DNR_2024_Digital_v10%20lr.pdf 

  
Rienzi, G. (2024). $37%C=-7>=7%F73->;%A3B%A7%C77%D4=7C%->%>46E87. JHU Hub. Retrieved March 

10, 2025, from https://hub.jhu.edu/magazine/2024/winter/pareidolia-faces-in-nature/ 
  
Saks, E., & Tyson, A. (2022, November 10). (?78-=4>C%875<86%?<87%7>P4P7?7>6%A-63%C=-7>=7%

>7AC%634>%->%9OMS. Pew Research Center. Retrieved January 28, 2025, from 
https://www.pewresearch.org/short-reads/2022/11/10/americans-report-more-
engagement-with-science-news-than-in-
2017/#:~:text=Online%2C%20about%20half%20of%20adult,that%20focuses%20on%20
science%20news 

 
Science and Technologies for Phosphorus Sustainability Center. (2021). 25-in-25: A Roadmap 

Toward U.S. Phosphorus Sustainability. steps-center.org/wp-
content/uploads/sites/274/2024/02/STEPS_Roadmap_FINAL-1.pdf 

 
Stiegliz, S., Mirbabaie, M., Ross, B., & Neuberger, C. (2018). Social media analytics – 

Challenges in topic discovery, data collection, and data preparation. ">678>46-<>4G%
J<E8>4G%<D%">D<8?46-<>%I4>4P7?7>6, HT. https://doi.org/10.1016/j.ijinfomgt.2017.12.002 

  
SocialBee. (2025). U346%487%#<=-4G%I7;-4%$87>;Cb%#<=-4G%I7;-4%I48V76->P%Y7D->-6-<>C. 

SocialBee. Retrieved March 10, 2025, from https://socialbee.com/glossary/social-media-
trends/ 

  
SocialBee. (2025, January 2). />;78C64>;->P%R<A%637%_%\$A-6678]%(GP<8-63?%U<8VC%->%9O9N. 

SocialBee. Retrieved March 10, 2025, from https://socialbee.com/blog/twitter-
algorithm/#how-does-the-twitter-algorithm-work 

  
Sorensen, I., Volk, S., Furst, S., Vogler, D., & Schafer, M. (2014). “It’s Not so Easy to Measure 

impact”: A Qualitative Analysis of How Universities Measure and Evaluate Their 
Communication. ">678>46-<>4G%J<E8>4G%<D%#68467P-=%2<??E>-=46-<>, MK(2). 
https://doi.org/10.1080/1553118X.2024.2317771 

  
Sturzenegger-Varvayanis, S., Eosco, G., Ball, S., Lee, K., Halpern, M., & Lewenstein, B. (2008). 

How university scientists view science communication to the public. MO63%">678>46-<>4G%
2<>D787>=7%<>%@EFG-=%2<??E>-=46-<>%<D%#=-7>=7%4>;%$7=3><G<PB. 
https://archive.informalscience.org/sites/default/files/PCST-10_Paper.pdf 

  

https://doi.org/10.1186/1746-4811-9-26
https://hub.jhu.edu/magazine/2024/winter/pareidolia-faces-in-nature/
https://www.pewresearch.org/short-reads/2022/11/10/americans-report-more-engagement-with-science-news-than-in-2017/#:~:text=Online%2C%20about%20half%20of%20adult,that%20focuses%20on%20science%20news
https://www.pewresearch.org/short-reads/2022/11/10/americans-report-more-engagement-with-science-news-than-in-2017/#:~:text=Online%2C%20about%20half%20of%20adult,that%20focuses%20on%20science%20news
https://www.pewresearch.org/short-reads/2022/11/10/americans-report-more-engagement-with-science-news-than-in-2017/#:~:text=Online%2C%20about%20half%20of%20adult,that%20focuses%20on%20science%20news
https://www.pewresearch.org/short-reads/2022/11/10/americans-report-more-engagement-with-science-news-than-in-2017/#:~:text=Online%2C%20about%20half%20of%20adult,that%20focuses%20on%20science%20news
https://www.pewresearch.org/short-reads/2022/11/10/americans-report-more-engagement-with-science-news-than-in-2017/#:~:text=Online%2C%20about%20half%20of%20adult,that%20focuses%20on%20science%20news
http://steps-center.org/wp-content/uploads/sites/274/2024/02/STEPS_Roadmap_FINAL-1.pdf
http://steps-center.org/wp-content/uploads/sites/274/2024/02/STEPS_Roadmap_FINAL-1.pdf
https://socialbee.com/glossary/social-media-trends/
https://socialbee.com/glossary/social-media-trends/
https://socialbee.com/blog/twitter-algorithm/#how-does-the-twitter-algorithm-work
https://socialbee.com/blog/twitter-algorithm/#how-does-the-twitter-algorithm-work
https://doi.org/10.1080/1553118X.2024.2317771
https://doi.org/10.1080/1553118X.2024.2317771
https://archive.informalscience.org/sites/default/files/PCST-10_Paper.pdf
https://archive.informalscience.org/sites/default/files/PCST-10_Paper.pdf


 

 

 

139 

Suzuki, M., & Yamamoto, Y. (2021). Characterizing the Influence of Confirmation Bias on Web 
Search Behavior. '8<>6-78C%->%@CB=3<G<PB. 10.3389/fpsyg.2021.771948 

 
T.K, B., Annavarapu, C., & Bablani, A. (2021). Machine learning algorithms for social media 

analysis: A survey. 2<?5E678%#=-7>=7%07,-7A, LO. 
https://doi.org/10.1016/j.cosrev.2021.100395 

  
Terell, T. (2025, January 2). $37%MN%I<C6%a-C-67;%U7FC-67C%<D%9O9L. Avenue Z. Retrieved 

February 12, 2025, from https://avenuez.com/blog/the-15-most-visited-websites-of-2024/ 
  
Tsao, S.-F., Chen, H., Tisseverasinghe, T., Yang, Y., Li, L., & Butt, Z. (2021). What social 

media told us in the time of COVID-19: a scoping review. !4>=76%Y-P-64G%R74G63. 
10.1016/S2589-7500(20)30315-0 

  
University of Maryland Baltimore Campus. (n.d.). #<=-4G%I7;-4%)7C6%@84=6-=7%.E-;7G->7C. 

UMBC. Retrieved January 31, 2025, from https://styleguide.umbc.edu/social-media-best-
practice-guidelines/ 

  
van der Harst, J., & Angelopoulos, S. (2024). Less is more: Engagement with the content of 

social media influencers. J<E8>4G%<D%)EC->7CC%07C748=3, MKM. 
https://doi.org/10.1016/j.jbusres.2024.114746 

  
Vigderman, A. (2024, September 26). 9O99%I-C->D<8?46-<>%4>;%Y-C->D<8?46-<>%#6E;B. 

Security.org. Retrieved March 10, 2025, from https://www.security.org/digital-
security/misinformation-disinformation-survey/ 

  
Volk, S. (2024). Assessing the Outputs, Outcomes, and Impacts of Science Communication: A 

Quantitative Content Analysis of 128 Science Communication Projects. #=-7>=7%
2<??E>-=46-<>. https://doi.org/10.1177/10755470241253858 

 
Weitkamp, E. (2015). Between ambition and evidence. J<E8>4G%<D%#=-7>=7%2<??E>-=46-<>, 

ML(2). 
  
Whatman, P. (2025, March 7). Q7A%075<86:%">C64P84?%R4C364PC%Y<>i6%">=874C7%*>P4P7?7>6. 

Mention. Retrieved March 10, 2025, from https://mention.com/en/blog/instagram-
hashtags-engagement/ 

 
Zimba, O., & Gasparyan, A. (2021). Social media platforms: a primer for researchers. 

07E?46<G<P-4, NT. DOI: https://doi.org/10.5114/reum.2021.102707 

 

  

https://avenuez.com/blog/the-15-most-visited-websites-of-2024/
https://styleguide.umbc.edu/social-media-best-practice-guidelines/
https://styleguide.umbc.edu/social-media-best-practice-guidelines/
https://doi.org/10.1016/j.jbusres.2024.114746
https://doi.org/10.1016/j.jbusres.2024.114746
https://www.security.org/digital-security/misinformation-disinformation-survey/
https://www.security.org/digital-security/misinformation-disinformation-survey/
https://doi.org/10.1177/10755470241253858
https://mention.com/en/blog/instagram-hashtags-engagement/
https://mention.com/en/blog/instagram-hashtags-engagement/


 

 

 

140 

APPENDIX 



 

 

 

141 

Z#>1>787#$!/!;71),!;7>%7--*&#!R&'73- !!

The following equations are generally used to model reach and engagement:  

!"#$%&'() * + , ! - , " . ) '/ ) 0'1/ - 2, # . 3&435&- 2, $ - 0'1/ - , %. /678&(0- 2, &

. 34/02093&- 2, ' . 040'52&:1'1&;&:0/  

 

!"#$&:1'1&;&:0 *

+ , ! - , " . ) '/ ) 0'1/ - 2, # . 3&435&- 2, $ - 0'1/ - , %. /678&(0- 2, &

. 34/02093& 

 

The coefficients reported in the tables represent the change in the log of reach and 

engagement count given a one unit change in the predictor variable. To better understand the 

change in reach and engagement, results explicitly mentioned in this section are converted to an 

incident rate ratio (IRR) by exponentiating the coefficient. An IRR is more intuitive and easier to 

understand in the context of increasing or decreasing engagement counts.  Hashtags and tags are 

counted and results represent an additional tag or hashtag. The indicator variables represent a 

switch from zero to one, indicating a no or yes to its identification. The results of the regression 

analysis can be found in appendix 1.  

Across all three platforms, many of the features used are significant either positively or 

negatively. These features were picked based on best practices described in the literature review. 

A traditional regression analysis yields a more specific view of how subgroups in all the post 

attributes influence reach and engagement.! 

Across all three platforms, traditional regression models better explain measures of reach 

than engagement compared to decision tree and random forest models. However, the increase or 
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decrease in the dependent variables are small and rarely significant. To better understand which 

features are more important as compared to each other, decision tree and random forest modeling 

is used.  

On Instagram, the features minimally and insignificantly impact all measures of reach 

and engagement. The Poisson model has a pseudo-R-squared value of 0.509 and 0.465 for 

impressions and accounts reached respectively. Impressions and the number of accounts reached 

are the two measures of reach available on Instagram. Engagement regressions, both accounts 

engaged and number of total engagements, have pseudo R-squared values of 0.376 and 0.334 

respectively. For measures of reach, the total number of engagements received by a post is 

significant. An additional engagement increases both measures of reach by about 1, IRR (Table 

7). Based on prior knowledge and understanding on social media reach, this result is aligned with 

industry knowledge. The use of hashtags and tagging other accounts are comment methods to 

increase reach on Instagram. Results displayed in Table 7 show using an additional hashtag 

increases measures of reach by 1, but not with any significance. The composition of posts – what 

it is about (subject), its format (type), and if it features people – are not significant to measures of 

engagement in the regression models. For example, videos are commonly seen as a very 

engaging type of post, but as seen in Table 7 have minimal impact on the total number of 

engagements received.   
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 Instagram 

 D-%#9(R1$'&55/-05 ?..-70%5(H&#."&, D-%#9(P0F#F&1&0%5 ?..-70%5(P0F#F&, 

\#5"%#F5 C:CCM C:CC) Ĉ:CC; Ĉ:C@M 

N&#%7'&5(2&-$9& Ĉ:C)K Ĉ:C;M C:@A< C:@)@ 
?..-70%5(D#FF&, Ĉ:CC< Ĉ:CC@ Ĉ:CII Ĉ:CC) 

+78[&.%*(!-06&'&0.& C:@)) C:@<I Ĉ:CII Ĉ:C<; 
+78[&.%*(P,7.#%/-0]?3#'&0&55 C:C<) Ĉ:C@Q Ĉ:)<; Ĉ:@<@ 

+78[&.%*(PJ&0% Ĉ:C@M Ĉ:C@@ Ĉ:@)M Ĉ:@@M 
+78[&.%*(G&0&'#9(2-5% Ĉ:@@K Ĉ:CKC C:)A< C:C@< 
+78[&.%*(B#%/-0#9(L#4 Ĉ:C<I Ĉ:CK@ Ĉ:C<C Ĉ:CC< 

+78[&.%*(2Ŷ&&E Ĉ:@)M Ĉ:@<@ Ĉ:)<M Ĉ:CIQ 
+78[&.%*(2"-5N-'T5 C:CQA C:@)) C:@<< C:@KM 
+78[&.%*(2789/.#%/-0 C:CAQ C:CQ) Ĉ:CQK Ĉ:CMA 

+78[&.%*(H&5&#'." Ĉ:CM) Ĉ:CM) C:C<) Ĉ:C@A 
+78[&.%*(+."-9#' C:C)I C:C<C Ĉ:CI< Ĉ:C)) 

2-5%(D4$&*(=79%/$9&(2/.%7'&5 Ĉ:CI< Ĉ:CM@ C:C@@ Ĉ:C@; 
2-5%(D4$&*(=79%/$9&(G'#$"/.5 C:@<@ C:@QK ^@:C<< ^@:@M< 

2-5%(D4$&*(H&&95  C:CKQ Ĉ:)QC  
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2-5%(D4$&*(+/0F9&(2/.%7'& Ĉ:C;A Ĉ:C)C Ĉ:C<M Ĉ:@@Q 
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D-%#9(P0F#F&1&0%5 C:C)<_ C:C))__   

!-05%#0% @:)<<___ @:)CQ___ C:ACI__ C:A;@__ 

 >85&'J#%/-05(@<Q >85&'J#%/-05(@MQ >85&'J#%/-05(@MQ >85&'J#%/-05(@<Q 

 _$`C:@a(__$`C:CMa(___$`C:C@ 
 

Like Instagram, both reach and engagement are minimally impacted by the features 

chosen.  For impressions, the R-squared value is 0.549, which means about 55% of the variation 

is explained by the model. For total engagements, the R-squared value is 0.369, which means 

about 37% the variation is explained by the model. Impressions are significantly influenced by 
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the total number of engagements received by a post (Table 8). Like Instagram, an additional 

engagement increases total impressions by about 1, IRR. This significant increase is aligned with 

recent updates to the LinkedIn algorithm which incorporates post engagements into the boosting 

algorithm. For total engagements, the composition of a post is often used when judging its 

engagement. Table 8 shows no significant impact on total engagements between the different 

subjects and types of posts.  
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+78[&.%*(G&0&'#9(2-5% Ĉ:C<I C:@QI 
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Like the other two platforms, features used in the models are minimally impactful to 

reach and engagement (Table 9). The impression model has a pseudo-R-Squared of 0.71 and the 
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engagement model has a pseudo R-squared of 0.407. Total engagement received by a post is 

significant to the total impressions received, with about a 1 unit increase in total impressions 

with an increase in engagements received. The significance of engagement to reach again 

supports an understanding of changes to the social media algorithms which use engagement as a 

factor of reach. Table 9 indicates that there is a subject and type of post which significantly 

reduces engagement. Only text threads reduce total engagement by 0.04 units, which is a minor 

decrease. Threads require an engaging opening post to prompt users to click for the additional 

posts, which can be a challenge to engagement with threads, especially ones without any visuals. 

Based on the additional effort engaging with a thread requires, it is unsurprising there is 

decreased engagement with only text threads. Single picture posts (posts that used just one 

picture) decrease engagement as well. Static pictures are considered better than no visuals, but 

best practices indicate using more eye-catch visuals to drive engagement.  
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+78[&.%*(B#%/-0#9(

L#4 C:CQA C:CM< 
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Standard regressions result across all three accounts are minimally informative and offer 

little insight to the importance of features to measures of reach and engagement.  

 

 

 

 


