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ABSTRACT 

 

Global climate change is a phenomenon resulting in more extreme weather patterns 

and species diversity loss. In this study, I explore the impacts of climate change on regional 

patterns of microbial productivity. Variation in microbial productivity was explained using 

temperature, salinity, and dissolved oxygen as predictors in regression models with data from 

the LTER and iLTER network of sites that ranged from the poles to the equator. I found a 

positive relationship between temperature and productivity. Antarctica and Arctic sites 

exhibited the strongest positive relationships supporting prior research demonstrating 

temperature as one of the driving forces of productivity change in polar ecosystem composition 

and productivity. In addition to the temperature-productivity relationship, I found a positive 

relationship between chlorophyll concentration and productivity, a negative relationship 

between salinity and productivity, and a negative relationship between light irradiance and 

productivity indicating how other environmental factors affect productivity at the microscopic 

level. To compare microbial productivity among regions, I merged the data from the different 

sites into a single analysis of productivity. Productivity change in Antarctica was significantly 

different from the other sites based on the interaction between time, temperature, and 

location that indicated temperature effects on productivity were increasing faster in Antarctica 

than at other latitudes, confirming the single site analysis results. This study adds to a growing 

body of literature demonstrating that the impacts of climate change are stronger near the 

poles. 

INDEX WORDS: Microorganismal productivity, temperature, climate change
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Introduction  

Global climate change affects complex processes including rates of decomposition in 

microbial loops, nutrient cycling, and ocean acidification (Rochera et al., 2019, Hansel et al. 

2020). Studying the processes that govern global climate change momentum is just as 

important as studying the consequences of that momentum (Wachnicka et al. 2013, Rochera et 

al., 2019, Ha¨nsel et al. 2020). Understanding the effects of global climate change and the 

principles that govern it will enable better forecasting of consequences, information for policy 

makers, and provide for more meaningful proposals to mitigate current and future impacts of 

global climate change. 

Climate change affects large scale spatial and temporal processes. The complex decadal 

weather cycles of the Southern Pacific Ocean known as ENSO or El Nino and La Nina are two 

examples. These complex weather patterns are a result of the interactions of atmospheric and 

oceanic processes that influence the weather around the entire planet. Climate change 

increases the severity and variability of weather phenomena like hurricanes and drought that 

make predicting when they may occur less predictable (Wachnicka et al. 2013, Yang et al. 

2018). Some of the regions impacted by the fluctuations created by these weather systems 

include the western pacific and the gulf coast of the United States, where these changes have 

led to alterations in the aquatic food web, such as with changes to diatom assemblages, which 

further alter ecosystem functionality (Wachnicka et al. 2013, Hissano et al., 2018, Lindegren et 

al. 2018, Yang et al. 2018). Other large-scale consequences garnered by global climate change 

include the loss of ice during the summer months and the establishment of woody plant life 

and shrubbery near the poles (Sistla et al., 2013, Umbanhowar et al., 2017, Rochera et al., 
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2019). In addition, other large-scale effects of climate change include alterations to ecosystem 

productivity in aquatic ecosystems such as Lake Kasumigaura in Japan and other such large 

water bodies (Hader et al. 2014, Matsuzaki et al. 2018). Though climate change radiates 

through ecosystems at large spatial scales the changes begin at the smallest spatial scales 

where microorganismal community composition is altered (Hisano et al., 2018). Examples of 

these changes in functionality include toxic cyanobacterial blooms that reduce oxygen levels 

and increases in tree mortality that decrease carbon sequestration by a forest (Rapp et al., 

2012, Caron et al., 2013, Hissano et al., 2018).  

Understanding how global climate change has influenced aquatic and marine 

ecosystems is critical because they are collectively the largest and most important climate 

regulators on the earth (Sarmento et al. 2010). For instance, oceans serve as one of the largest 

carbon sinks on earth (Sarmento et al. 2010, Crichton et al. 2021). Microorganisms serve as a 

carbon pump that helps to bury carbon through synthesis, transformation, and breakdown of 

carbon compounds, while other organisms like bacteria use these compounds to facilitate 

growth and other biological processes (Crichton et al. 2021). Afterwards, the carbon is gradually 

moved to the deep ocean and is buried (Crichton et al. 2021). These intricate processes such as 

nutrient recycling rates at the ocean surface are impacted by temperature leading to a 

reduction in the efficiency of the carbon pump as demonstrated by temperature dependent 

models (Crichton et al. 2021). Furthermore, microorganismal productivity represents an 

important portion of the planet’s productivity. For example, upwards of 50% of the ocean’s 

primary productivity is represented by phytoplankton while in the Baltic Sea bacterial 

productivity represents almost 15% of the ecosystem’s productivity (Kuosa et al., 1989, Caron 
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et al., 2012). Microbial productivity has also been shown to control food-chain length and other 

trophic factors, especially in ecosystems where bottom-up linkages are important (Kaunzinger 

et al., 1998, Lindegren et al. 2018, Matsuzaki et al. 2018). These microorganisms have also been 

shown to help determine the quality of certain ecosystems, such as with the diatom 

assemblages in Florida Bay (Wachinicka et al. 2011). And with the continued progress of climate 

change with its consequences impacting so many things, it is thus very important to understand 

how its continued progress will impact some of the smallest denizens of this planet, especially 

when long term studies such as those conducted in Antarctica have already shown changes in 

microorganismal activity (Schofield et al., 2018).  

Temperature is likely the most important aspect of the abiotic environment affecting 

microorganismal productivity (Sander et al., 1993, Mills et al., 2008, Matsuzaki et al. 2018). 

Temperature effects on microbial productivity can be attributed to enzymatic activity that 

enables microbes to exploit available nutrients and be resilient to UV LIGHT (Stanley 2010, 

Hader et al. 2014). Such increases in metabolic activity can cascade to affect food chain length, 

community structure, bacterial respiration, heterotrophic grazing, and body size (Shiah et al. 

1994, Stanly 2010, Woodward et al. 2010, Wachnicka et al. 2013). Another linkage can be 

observed in places like the Arabian gulf, where productivity and diversity are coupled with 

factors such as the availability of iron and light (Al-Najjar et al. 2019). 

Droughts are expected to increase in severity and frequency with increasing 

temperatures which are expected to impact community structure (Woodward et al. 2010). 

Experiments reveal that diatoms become the dominant algal form in some aquatic ecosystem 

experiencing droughts (Woodward et al. 2010). Evidence of this can already be seen in places 
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like Florida, where microorganismal assemblages have been affected by periods of severe 

drought that have coincided with ENSO events (Wachnicka et al. 2013). Other linkages include 

the promotion of more rain in the Arctic, leading to the decreased prominence of smaller water 

bodies, temperature affecting primary productivity in places such as lake Kasumigaura, the 

geological record showing that changing climate has an impact on microbial productivity (Stanly 

2010, Umbanhowar et al. 2017, Matsuzaki et al. 2018). 

 In this study, I use existing datasets in the LTER and iLTER network to explore the 

relationship between temperature and microorganismal productivity with time series analysis 

using temperature to predict changes in productivity, add additional environmental variables to 

the initial temperature-only model to account for additional variation in microbial productivity, 

and then compare the relationship between microorganismal productivity and temperature 

among locations to determine if there are any differences in productivity based on site or 

climate type. Given these objectives, I hypothesize that microorganismal productivity will 

increase with increasing temperatures, adding environmental variables will explain additional 

information in microbial productivity and there will be differences in productivity across both 

site and climate type. I predict these outcomes because metabolic processes increase with 

increasing temperatures up to an optimum after which they decline (Garzke et al. 2020). 

Second, adding more predictor variables to models should explain additional variation in 

microbial productivity given the complexity of biological systems (Woodward et al. 2010, Hader 

et al. 2014, Matsuzaki et al. 2018). Third, the combination of biological complexity, 

climatological differences, and geological differences among the sites (from the poles to the 
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tropics) included in this study will produce differences among sites that will highlight the 

differential effects of climate change around the globe. 

     

Methods 

I tested the relationship between temperature and microorganismal productivity within 

aquatic ecosystems, using long term data gathered from LTER (long term ecological research) 

and iLTER (international long term ecological research) sites. I defined productivity as the 

change in growth or abundance of microorganisms over time. I selected sites that had at least 

ten years of continuous data with the last data collected within the last five years. Regions that 

were included in the study were Antarctica, the Arctic, California, the Czech-republic, Florida, 

and Japan (Table 1 and 2).  

Though, temperature is an important factor affecting microbial productivity, there are 

other factors both biotic and abiotic, such as chlorophyll concentration, dissolved oxygen, and 

salinity influence productivity. Therefore, I included these factors as covariates with 

temperature when these data were collected alongside temperature and productivity. Multiple 

types of productivity measurements were included in this study because different sites used 

different methods.   

 

Site Descriptions 

Antarctica: The Antarctica LTER site is located west of the Antarctic peninsula at the 

Palmer research station (Table 1). Data collected at this site typically focuses on the polar 

marine biome with interests in subjects such as changes in the ecosystem, phytoplankton 
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(Scofield et al. 2018). These data were gathered during annual cruises of the western Antarctic 

peninsula (Palmer station LTER et al., 2020). Productivity was measured using leucine 

incorporation during protein synthesis by heterotrophic bacteria (Smith and Azam 1989). This 

method does not measure the photosynthetic rates for microbes (Kirchman et al. 1985). 

Temperature and salinity were other environmental factors that were collected during cruises 

Table 4). 

Artic: The Artic LTER site is located at the Toolik Lake Field Station in Alaska. The site and 

its surrounding streams and lakes are the site from which the data regarding microbial 

productivity and the other abiotic and biotic factors, which include chlorophyll, dissolved 

oxygen, and primary productivity, were collected (Table 4). Productivity measurements were 

measured with leucine and is used to study the effects of climate change on the Artic tundra, 

nutrient cycling (Hobbie et al. 2017, Kendrick et al. 2018, Table 1). 

California: The California LTER focuses on the California current ecosystem that is a 

coastal upwelling biome (California current ecosystem LTER et al., 2020). Research typically 

focuses on the effects of factors such as La Nina, ecosystem structure, and other subject 

matters (Cordero-Quirós et al. 2019, Rykaczewski 2019). Data for this study was gathered from 

semi-regular cruises held along the coastal region (California current ecosystem LTER et al., 

2020, Table 1). The productivity measurements for this site were made using leucine 

incorporation, salinity was measured at this site (Table 4). 

Czech-republic: The Czech-republic iLTEr is a site spread over numerous ecosystems. 

Data for this study was gathered from the Rimov reservoir and pertained primarily to bacterial 
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abundance, temperature, and Chlorophyll a taken at regular intervals (Czech-republic iLTER et 

al., 2021, Table 4, Table 1). 

Florida: The Florida LTER site is located in the coastal and freshwater marshes of the 

Everglades in southern Florida. Data for this study was gathered on a regular basis from the 

freshwater sections of Shark River Slough and Taylor Slough in Everglades National Park 

(Birceno et al. 2021, Table 4, Table 1). Productivity measurements at this site were taken 

through the use of thymidine incorporation (Table 1). 

Japan: The Japanese iLTER is located in. Japan and covers a wide variety of ecosystems 

including Lake Kasumigaura and Ikawa Forest Station. Due to the varied ecosystems, data and 

research from this site includes trophic interactions, productivity, and more (Matsuzaki et al. 

2018). Data for this study was gathered from different stations across Lake Kasumigaura (Japan 

iLTER et al., 2021). Productivity was measured using the incorporation of 13C in primary 

producers like phytoplankton (Matsuzaki et al. 2018). Chlorophyll a, dissolved inorganic carbon, 

and light irradiance were also measured this site (Table 4, Table 1). 

    

Data Analysis and Model Generation  

I aggregated all the variables into the highest possible temporal resolution that was 

common to all of the datasets to facilitate comparisons among sites using a single analysis. The 

mean of the variables was taken at either monthly, seasonally, or yearly intervals depending on 

the site. Temporal autocorrelation was removed via differencing ((n+1)-n) (Abdulhafedh 2017). 

The first model created for each site was the single variable model that only included 

temperature. The second modeling approach included additional explanatory variables known 
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to affect productivity and species composition. Third, a hierarchical multivariable model was 

created using AIC to determine the model that explained the most variation among a set of 

different multivariable models for both the Arctic and Japanese sites because both sites had 

abiotic, biotic, and temporal variables within their datasets. Temperature was included in every 

model. Additional abiotic variables we considered included dissolved oxygen and light 

irradiance, while biotic variables consisted of chlorophyll a concentration. I also included the 

temporal variables year and month. These additional variables were then used to categorize 

the combined model with the lowest AIC value created with the abiotic model, the biotic 

model, the combined, containing both abiotic and biotic variables, and the temporal, containing 

only temporal variables. All multivariable models contained temperature as an explanatory 

variable.  

 

Site And Climate Comparison   

A three-way ANOVA was performed and tested for the interaction between the sites, 

years, and temperature variation. Tukey’s post-hoc test was performed to determine which 

sites were different from each other and determine interactions. A second three-way ANOVA 

with interaction was performed in a similar manner to the first three-way ANOVA, but instead 

of site as one of the interactive factors it was replaced with the site’s region (polar, sub-tropical, 

temperate, Table 1). All data manipulations and analyses were performed using R and the 

Tidyverse package. Data analysis and model generation were performed using R and the 

following packages, Car, Leaps, MASS, Multcomp, and Tidyverse. 
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Results  

Model fit for the temperature only regression models were relatively low (Table 1). A 

slight trend towards a positive slope is apparent, based on the coefficients, at the Artic, Czech-

republic, and Japan sites indicating that rising temperatures led to increasing productivity (Figs. 

3, 7, 11, Table 2). This relationship is especially prominent at the Arctic site where the 

coefficient was 0.30. The temperature coefficients at the Czech-republic and Japan were weak 

(0.04 and 0.02, respectively) even though the slope was positive. Despite these low fits, the 

model fits were significant for both the Arctic and the Czech-republic (P<0.05, Table 2).  

In contrast to the positive fits observed in the Arctic, Czech-republic, and Japan, weak 

negative fits were observed for the temperature only model in Antarctica (Fig. 1), California 

(Fig. 5), and Florida (Fig. 9, Table 2). The weak negative fits indicate that the temperature only 

model did not account for the change in productivity very well and more explanatory variables 

should be included to improve model fit.  

 

Model Hierarchy & Multivariable Model 

The combined model was the best at explaining productivity at both the Arctic and 

Japan sites. The Arctic model (AIC = 145.46, R2= 0.33, P < 0.05) included chlorophyll a (β = 1.45), 

dissolved oxygen (β = -1.19), primary productivity (β = 0.11), and temperature (β = 0.164, Table 

4, Fig. 4). Dissolved oxygen was the only variable with a negative coefficient indicating that as 

dissolved oxygen increases productivity declines. The other variables were positively related to 

productivity indicating that they increased together. 
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The Japan model (AIC = 1255.15, R2 = 0.14, P-value <0.05) included chlorophyll a (β = 

0.01), dissolved inorganic carbon (β = -0.03), light irradiance (β <0.00), and temperature (β = 

0.03, Table 4, Fig. 12). The model also showed a negative relationship between productivity and 

dissolved inorganic carbon and between productivity and light irradiance, indicating that as 

either explanatory variable increased, productivity decreased (Table 4). The temporal did not 

increase the amount of variation explained by the model (Table 3). 

The biotic model for the Czech-republic was an improvement on the temperature only 

model. The biotic model had a weak fit (R2 = 0.02), but it also proved to be significant with a p-

value less than 0.05, and was composed of temperature (β = 0.03) and chlorophyll (β = 0.02, 

Table 4). This model had a relatively low fit, but the variables were still significant given the p-

value, showing that they still had an effect on productivity (Fig. 8). 

In contrast to the temperature only model for Antarctica, the biotic model for Antarctica 

improved model fit (R2 = -0.34 to R2 = 0.07). Temperature (β = 268.07) and chlorophyll a (β = 

5.85) were included in the final model and were among the largest standardized partial 

regression coefficients among all of the models at all of the sites (Table 4, Fig. 2). 

The abiotic model for California had a fit of (-0.33) and was composed of temperature (β 

= -1.46) and salinity (β = -20.99, Table 4). In contrast to every other site though, the abiotic 

model for California had a negative coefficient associated with both temperature and salinity 

suggesting that as both temperature and salinity increased productivity decreased (Fig. 6).  

Though improved as compared to the temperature only model, the abiotic model for 

Florida still had a negative fit (R2 = -0.03). Temperature (β = 0.14) and salinity (β = 0.01, Table 4, 
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Fig. 10) both accounted for little of the variation in the data based on the model R2 value. The 

weak positive relationship indicated that productivity increased with temperature and salinity.  

 

Site And Climate Comparison  

The site comparison revealed differences in productivity among sites. Differences 

among sites depended on variation among years and temperatures recorded at sites (Site-by-

Temperature-by-Year, Table 5). Antarctica was different from all other sites except California 

(Tukey < 0.05, Table 6, Fig. 13). Productivity at the Antarctic site was far greater than every 

other site, where Antarctica’s range for change in productivity extended from -50 to 50 with an 

outlier closer to 100, while every other site’s range tended to hover between -20 and 20 (Fig. 

13). However, when the sites were grouped by region, I found no differences in microbial 

productivity (Fig. 14 and Table 7). 

 

Discussion  

Climate change affects the planet at multiple spatial and temporal scales. For example, 

El Nino and ENOS weather patterns operate across decades and around the planet by impacting 

species composition in local communities (Woodward et al. 2010, Yang et al. 2018). I explored 

the effects of climate change in a variety of aquatic ecosystems in different regions of the world 

and compared those effects among regions using changes in microbial productivity in response 

to changes in temperature. I hypothesized that increases in temperature would lead to 

increases in productivity because metabolic processes are largely governed by temperature 
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(Woodward et al. 2010, Hader et al. 2014, Garzke et al. 2020). I did observe the hypothesized 

relationship between temperature and productivity at individual sites and among regions. 

These results support a growing body of literature demonstrating the positive relationship 

between productivity and temperature (Hader et al. 2014, Matsuzaki et al. 2018). Similar to 

other studies near the poles, I found that the effects of climate change were greater near the 

poles (Hader et al. 2014).  

Temperature variation accounted differences in productivity, but other factors also 

contributed to explaining productivity. Model fit between temperature and productivity was 

generally low compared to other models. There are many factors that contributed to this result, 

both in the nature of the analysis and in the myriad abiotic and biotic factors that vary over 

space and time. To compare sites, I aggregated data taken at different spatial and temporal 

scales that may have obscured patterns between temperature and productivity. Collection 

methods at the different sites could have affected relationships. For example, productivity in 

Antarctica was measured using leucine incorporation, while in the Czech-republic abundance 

was used as a measure of productivity. Other variables likely covaried with temperature and 

productivity and accounted for variations in productivity. For example, nutrient availability and 

ecosystem composition influence productivity (Hader et al. 2014, Matsuzaki et al. 2018). Other 

studies have found inverse relationships between productivity (phytoplankton biomass) and 

increasing temperatures. Despite these factors, I still did observe the hypothesized positive 

relationship between temperature and productivity, further highlighting the fact that despite 

varying collection methods a positive relationship between temperature and productivity was 

observed. This pattern was strongest at the poles where experiments conducted in Antarctica 
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and the Artic found that the addition of iron increased phytoplankton productivity that suggest 

that temperature alone does not limit primary productivity (Hader et al. 2014, Al-Najjar et al. 

2019).  

   Given the many factors that impact productivity, I built different multivariable models 

that accounted for these factors in addition to temperature in order to better understand the 

factors impacting productivity. I observed an improved model fit as hypothesized, showing the 

various relationships between the factors and productivity. This included the positive 

relationship between chlorophyll and microbial productivity in Antarctica, the Artic, the Czech-

republic, and Japan (Table 4). This result is similar to those found in Matsuzaki et al. 2018. 

Furthermore, these results support the type of microorganisms from which the productivity 

measurements were taken at each site. Bacteria and other heterotrophs for both Antarctica 

and the Arctic, microorganisms which graze and prey upon primary producers, such as the 

phytoplankton in Japan, for which chlorophyll is used in photosynthesis (Hader et al. 2014). The 

measurement of productivity in the Czech-republic was abundance, similar relationships 

between daphnia and phytoplankton, where increases in phytoplankton populations have been 

followed by increases in daphnia populations (Hader et al. 2014). Based on this, it can be 

concluded that, increases in chlorophyll correspond with increases in heterotrophic 

productivity.   

 Other noteworthy results observed from the multivariable models, were the negative 

relationships between salinity and light irradiance to productivity. The relationship I observed 

between salinity and productivity was negative. Prior research has found declines in the 

abundance of certain diatoms with increasing salinity levels indicating an alteration to the 
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ecosystem composition and thus indicating an alteration to the ecosystem’s productivity 

(Wachnicka et al. 2013). In addition, increases in salinity increase the penetration of light, 

especially short-wave light, which can damage cellular processes, leading to alterations in 

productivity (Hader et al. 2014). Thus, the observed negative relationship between salinity and 

productivity are in-line with previously stated observations and experiments.  

The light irradiance and productivity relationship that was observed in Japan was not 

expected. Productivity at this site was for phytoplankton and would be expected to have higher 

activity with increasing light. For example, site in Alaska, Antarctica, and the Artic, algal blooms 

have increased with increasing light in addition to other environmental factors such as 

temperature (Hader et al. 2014). Alternatively, increases in short wavelengths of light can 

damage cellular processes leading to a decline in productivity (Hader et al. 2014). Therefore, 

increases in light irradiance could damage phytoplankton cells leading to declines in 

productivity.  

 The various sites I chose enabled me to compare productivity among sites and regions 

as they relate to temperature and time. Antarctica was different from every other site except 

California. Previous studies have found that higher latitudes experience greater impacts of 

climate change (Woodward et al. 2010). The northern portion of the western Antarctic 

peninsula has transitioned due to climate change from a short efficient food web, where larger 

phytoplankton and zooplankton dominate and energy is evenly distributed amongst trophic 

levels to a more open food web structure, where smaller phytoplankton and grazers dominate, 

further altering the productivity of the region (Schofield et al. 2018). In conjunction with this, 

the loss of sea ice in the region, there have been changes to the mixed layer depth, such as with 
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the southern portion of the western Antarctic peninsula, where the upper ocean mixed depth 

has decreased by a factor of two, which has altered the regions productivity even more 

(Schofield et al. 2018). Furthermore, temperate and tropical regions are expected to be more 

productive when compared to polar regions due to warmer temperatures promoting more 

metabolic activity (Sarmento et al. 2010, Woodward et al. 2010). Finally, another reason for the 

differences observed between Antarctica and the other sites could be a matter of nutrient 

distribution, which has been shown to impact both productivity and composition (Rochera et al. 

2019). For example, nutrient gradients observed in Antarctica have shown the shallower more 

eutrophic waterbodies to be more productive, when compared to deeper more oligotrophic 

waterbodies of the region (Rochera et al. 2019). And, though there was no direct comparison 

between the various depths associated with the collection of productivity within this study, 

given that the productivity data at the Antarctic site was taken just off the coast of the 

peninsula at a shallow depth may explain why the change was so large suggesting that climate 

change effects might be strongest in shallow ecosystems near the poles.  

I expected there to be more similarities between Antarctica and the Arctic because of 

their polar locations and similar collection procedures. However, differences likely stemmed 

from variation in the habitats sampled, the Arctic sites included Arctic and sub-Arctic lakes, 

while Antarctic sites included shallow marine systems. Other reasons for the differences 

between both these regions could also stem from variation in heterotrophic grazing that offsets 

growth after population booms because of the increased grazing by predators such as daphnia 

(Hader et al. 2014). Second, the interactive effect between temperature and year could be 
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driving this difference, especially given that fluctuations in nutrients have been observed in-line 

with fluctuations in temperature observed at varying times of the year (Rochera et al. 2019).  

Though differences were observed when comparing productivity between the various 

sites, when sites were grouped into regions there was no differences in productivity. I expected 

differences among regions that ranged from polar, to sub-tropical because warmer 

temperatures tend to promote higher metabolic processes there should be a difference 

between the productivity of the various climates (Garzke et al. 2010). Though this result was 

unexpected there could be various reasons for its occurrence. For example, higher latitudes are 

warming rapidly that is leading to a myriad number of alterations within these ecosystems, 

some of which include changes to ecosystem composition which leads to changes in ecosystem 

productivity in one direction or another (Woodward et al. 2010, Wachnicka et al. 2013,Scofield 

et al. 2018).  

In conclusion, this meta-analysis points to the far-reaching impacts of climate change 

and the need to better mitigate its impacts. First, it points to the positive relationship between 

temperature and microorganismal productivity, especially within polar regions as has been 

found in other studies comparing polar and temperate locations (Hader et al. 2014 and 

Matsuzaki et al. 2018). This trend will likely accelerate given the predicted increases in ocean 

temperatures of about 2°C over the next 100 years (Sarmento et al. 2010). These results 

demonstrate that climate change effects will cascade up the food web and disrupt community 

and ecosystem structure with unknown consequences but consequences that will surely affect 

ecosystem services to humans.  Thus, this study along with many others contribute to the 

mounting evidence that steps must be taken to curb the effects of climate change. Expansion of 
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this work should include additional sites and larger datasets that will provide better resolution 

to the effects of rising temperatures on microbial productivity and consequently, ecosystem 

function. 
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Tables and Figures 

 

Table 1: Description, spatial location, collection frequency, and microorganismal productivity 

measurement for each chosen LTER and iLTER site.  

Site 
Name  

Site 
Location  

Site 
Climate  

Site 
Type  

Tempor
al Scale  

Productiv
ity 
Collection 
Frequenc
y  

Productivit
y 
Measurem
ent  

Productivit
y Units  

Antarcti
ca 

-63.8513°N 
-64.1815°W 

Polar 
coast
al 

2003-
2017 

seasonal Leucine 

Pmol/L/hr – 
production 
per liter per 
hour 

Arctic 

68.63°N 
68.63°S -
149.613°E                   
-149.613°W 

Polar 

lake 
and 
lake 
inlets 

2000-
2018 

seasonal Leucine 

ug/C/day  – 
production 
per liter per 
day 

Californi
a 

32.85317°N 
-117.733°W 

Tempera
te 

coast
al 

2007-
2017 

seasonal 
at 
irregular 
yearly 
intervals 

Leucine 
Âµg/L/day – 
production 
per day 

Czech-
republic 

48.8332°N 
14.4832°E 

Tempera
te 

in-
land 
lake 

1991-
2019 

monthly 
Bacterial 
abundance 

10^9/L – 
bacterial 
abundance 
per liter 

Florida 

25.761°N 
25.761°S -
80.727°E                 
-80.727°W 

sub-
tropical 

coast
al 
and 
rivers 

2001-
2018 

monthly Thymidine 
Bacterial 
Production 
daily rate 

Japan 
36.0491°N 
140.3792°E 

Tempera
te 

in-
land 
lake 

1981-
2018 

monthly C13 

gC m-2 d-1- 
Gross 
production 
per unit 
area per 
day 
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Table 2: R2 values, p-values, coefficients, and other results from the temperature only model 

(site productivity = x*site temperature+b).  

 

Site R2 Value P-Value Coefficients Intercept 

Antarctica -0.35 0.47 130.08 0.83 

Arctic 0.1 0.03 0.3 -0.03 

California -0.49 0.91 0.11 0.47 

Czech-republic 0.01 0.04 0.04 <0.05 

Florida <-0.01 0.38 0.14 0.33 

Japan <0.05 0.25 0.02 -0.03 
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Table 3: The model hierarchy and the AIC values associated with each model as determined by 

AIC analysis of the Artic and Japanese dataset. 

 
    

 
    

Site  
Model 
Type   

Model 
Rank  

Model Independent Variables  
AIC 
Values  

Artic  Combined   1 
Temperature, Chlorophyll, Dissolved Oxygen, Primary 
Productivity 

145.46 

Artic  Biotic  2 Temperature, Primary productivity, Chlorophyll  149.38 

Artic  Abiotic  3 Temperature, Dissolved Oxygen, pH 174.38 

Artic  Temporal  4 Temperature, Month, Year  175.04 

Japan  Combined   1 
Temperature, Chlorophyll, Dissolved inorganic Carbon, 
Light irradiance,  

1255.15 

Japan  Biotic  3 Temperature, Chlorophyll  1321.02 

Japan  Abiotic  2 Temperature, Dissolved inorganic carbon, Light irradience  1286.77 

Japan  Temporal  4 Temperature, Year  1368.31 
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Table 4: The R2 values, p-values, model type, and variables associated with each multivariable 

model along with their associated coefficients. Temp. = Temperature, °C; DO = Dissolved 

oxygen, mL/L; PP = Primary productivity; DIC = Dissolved Inorganic Carbon 

 

 

 

 

 

 

 

 

 

 

Site  
Model 
Type  

R^2  P Temp.  Chl a  DO  PP  Salinity  DIC  
Light 
irradiance  

Antarctica Biotic 0.07 0.28 268.07 5.85 NA NA NA NA NA 

Artic Combined 0.33 <0.05 0.16 1.45 -1.19 0.11 NA NA NA 

California Abiotic -0.33 0.67 -1.46 NA NA NA -20.99 NA NA 

Czech-
republic 

Biotic 0.02 <0.05 0.03 0.02 NA NA NA NA NA 

Florida Abiotic -0.03 0.69 0.14 NA NA NA 0.01 NA NA 

Japan Combined 0.14 <0.05 0.03 0.01 NA NA NA -0.13 <0.00 
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Table 5: The results of the factorial ANOVA among sites. 

Factors  
Sum of 
squares  

Degrees of 
Freedom  

F-value  P-value  

Site  587.30 5.00 4.19 <0.05 

Temperature  566.20 1.00 20.20 <0.05 

Year  30.70 1.00 1.10 0.30 

Site and Temperature  611.40 5.00 4.36 <0.05 

Site and Year  587.20 5.00 4.19 <0.05 

Temperature and Year  569.40 1.00 20.32 <0.05 

Site, Temperature, and Year  614.80 5.00 4.39 <0.05 

Residuals  25894.40 924.00 na Na 
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Table 6: The results of the Tukey’s post-hoc test of the three-way ANOVA. 

Factor 1 Factor 2  Estimate  
Standard 
Error  

T-value  P-value  

Arctic Antarctica -3810.25 890.20 -4.28 <0.05 

California Antarctica -2048.27 5276.52 -0.39 1.00 

Czech-republic Antarctica -3759.24 829.08 -4.53 <0.05 

Florida Antarctica -3634.38 879.36 -4.13 <0.05 

Japan Antarctica -3766.59 828.98 -4.54 <0.05 

California Arctic 1761.98 5221.68 0.34 1.00 

Czech-republic Arctic 51.01 334.18 0.15 1.00 

Florida Arctic 175.87 444.49 0.40 1.00 

Japan Arctic 43.66 333.91 0.13 1.00 

Czech-republic California -1710.97 5211.61 -0.33 1.00 

Florida California -1586.11 5219.84 -0.30 1.00 

Japan California -1718.32 5211.59 -0.33 1.00 

Florida Czech-republic 124.86 304.13 0.41 1.00 

Japan Czech-republic -7.35 80.15 -0.09 1.00 

Japan Florida -132.21 303.83 -0.44 1.00 
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Table 7: The results of the three-way ANOVA among regions.  

Factors  
Sum of 
squares  

Degrees of 
Freedom  

F-value  P-value  

Climate  2.3 1 0.08 0.78 

Temperature  5.6 1 0.19 0.67 

Year  6.7 2 0.11 0.89 

Climate and Temperature  2.4 1 0.08 0.78 

Climate and Year  4.6 2 0.08 0.92 

Temperature and Year  6.6 2 0.11 0.89 

Climate, Temperature, and Year  4.7 2 0.08 0.92 

Residuals  27854 936     
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Fig. 1: Partial regression plot of the relationship between change in temperature and change in 
productivity with the temperature only model in Antarctica. R2 = -0.35 P = 0.47. Productivity 
was measured at this site via leucine incorporation.  
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Fig. 2: Partial regression plot of the relationship between change in temperature and 
productivity with the biotic model in Antarctica, which contained both temperature and 
chlorophyll as independent variables. R2 = 0.07 P = 0.28. Productivity was measured at this site 
via leucine incorporation.  
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Fig. 3: Partial regression plot of the relationship between change in temperature and change in 
productivity with the temperature only model in the Arctic. R2 = 0.1 P = 0.03. Productivity was 
measured at this site via leucine incorporation.  
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Fig. 4: Partial regression plot of the relationship between change in temperature and 
productivity with the combined model in the Arctic. The explanatory variables are temperature, 
primary productivity, dissolved oxygen, and chlorophyll. R2 = 0.33 P-value <0.05. Productivity 
was measured at this site via leucine incorporation.  
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Fig. 5: Partial regression plot of the relationship between change in temperature and change in 
productivity with the temperature only model in California. R2 = -0.49 P-value = 0.91. 
Productivity was measured at this site via leucine incorporation.  
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Fig. 6: Partial regression plot between change in temperature and productivity with the abiotic 
model in California with temperature and salinity as the independent variables. R2 = -0.33 P = 
0.67. Productivity was measured at this site via leucine incorporation. 
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Fig. 7: Partial regression plot of the change in temperature and change in productivity with the 
temperature only model in the Czech-republic. R2 = 0.01 P = 0.04. Productivity at this site was 
measured via abundance.  
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Fig. 8: Partial regression plot of the change in temperature and productivity with the biotic 
model in the Czech-republic, with temperature and chlorophyll as the independent variables. 
R^2 = 0.02 P < 0.05. Productivity at this site was taken via abundance.  

 

 

 

 



33 
 

 

Fig. 9: Partial regression plot of the change in temperature and change in productivity with the 
temperature only model in Florida. R2 < -0.01, P = 0.38. Productivity at this site was collected via 
thymidine incorporation. 
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Fig. 10: Partial regression plot of the change in temperature and productivity with the abiotic 
model in Florida. Temperature and salinity were independent variables. R2 =-0.03 P-value = 
0.69. Productivity at this site was collected via thymidine incorporation.  
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Fig. 11: Partial regression plot of the change in temperature and change in productivity with the 
temperature only model in Japan. R2 <0.05 P = 0.25. Productivity was collected via carbon-13 
incorporation. 
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Fig. 12: Partial regression plot between the change in temperature and productivity with the 
combined model in Japan. The explanatory variables were temperature, light irradiance, 
dissolved inorganic carbon, and chlorophyll. R2 = 0.14 P-value <0.05. Productivity was collected 
via carbon-13 incorporation.  
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Fig. 13: A boxplot depicting the productivity among sites. Sites with different letters represent 

significant differences. Medians (bold), upper and lower quartiles (shaded boxes), extreme data 

points (bars), and outliers (circles) that were 1.5 times past the upper and lower quartiles.  
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Fig. 14: A boxplot showing the change in productivity among regions. There were no differences 

among regions. Antarctica and the Arctic are classified as polar, Florida is classified as sub-

tropical, and California, the Czech-republic, and Japan are classified as temperate. Medians 

(bold), upper and lower quartiles (shaded boxes), extreme data points (bars), and outliers 

(circles) that were 1.5 times past the upper and lower quartiles. 
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