
Terrestrial Acidification, Ecotoxicity, 
and Eutrophication Potential Are 
Reduced in Production Systems that 
Include Perennial Forages

Ogechukwu J. Igboke, Elisandra S.O. Bortolon, and Marisol T. Berti

Department of Plant Sciences



Intr oduct ion
Globa l a gr icu ltu r a l 

cha llenges :

climate change, 
biodiversity loss, 

resource depletion

Modern agriculture: 
increased food 

production but significant 
environmental impacts

Agriculture responsible for 
23% of global 

anthropogenic GHG 
emissions

Need for sustainable 
agricultural practices

N2O

(IPCC, 2019)



Per ennia l vs .  Annua l 
For a ge System s

 Higher soil disturbance and carbon 
footprint

 Vulnerable to extreme weather 
events

 Reduce water and air quality and 
biodiversity 

Annua l For a ges

Per ennia l For a ges
Produce more from the same area of land while reducing 
negative environmental impacts, conserving natural 
resources, and enhancing healthy ecosystem services (FAO)



Envir onm enta l Im pa ct  Assessm ent  in  For a ge Pr oduct ion 
System s

Fa r m  inpu ts Agr icu ltu r a l sta ge Pr odu ct ion Dist r ibu t ion Use W a ste m a na gem ent

Life Cycle Assessm ent  (LCA) 

60-70% of emissions of a food 
or feed product come from the 
feedstock production (cradle-
gate)

Ozone la yer  deplet ion

Globa l w a r m ing potent ia l

Foss il ener gy consu m ption

Abiot ic deplet ion

Ter r estr ia l a cidif ica t ion potent ia l 

Ecotox icity  Potent ia l

Eu tr ophica t ion 
Potent ia l

Human health 
variables
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variables

Ecosystem quality 
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Globa l w a r m ing potent ia l 𝑪𝑪𝑪𝑪𝟐𝟐,  𝑪𝑪𝑪𝑪𝟒𝟒,  𝒂𝒂𝒂𝒂𝒂𝒂 𝑵𝑵𝟐𝟐𝑪𝑪 M𝒈𝒈 𝑪𝑪𝑪𝑪𝟐𝟐 − 𝒆𝒆𝒆𝒆

O zone la yer  deplet ion 𝑪𝑪𝑪𝑪𝟑𝟑𝑩𝑩𝑩𝑩,𝑪𝑪𝑪𝑪,𝒂𝒂𝒂𝒂𝒂𝒂 𝑩𝑩𝑩𝑩 𝒎𝒎𝒈𝒈 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝒆𝒆𝒆𝒆
Foss il ener gy consum ption 𝑪𝑪𝑪𝑪𝟐𝟐,  𝑪𝑪𝑪𝑪𝟒𝟒,  𝑵𝑵𝟐𝟐𝑪𝑪,  𝑺𝑺𝑪𝑪𝟐𝟐,  𝑵𝑵𝑪𝑪𝒙𝒙,  

𝒂𝒂𝒂𝒂𝒂𝒂 𝑷𝑷𝑷𝑷
𝑷𝑷𝑴𝑴

Abiot ic deplet ion 𝑷𝑷𝑴𝑴𝒂𝒂𝒆𝒆𝑩𝑩𝒂𝒂𝑪𝑪𝑴𝑴 𝒂𝒂𝒂𝒂𝒂𝒂𝑷𝑷𝒂𝒂𝑴𝑴𝒆𝒆𝑩𝑩𝑴𝑴𝒂𝒂𝑪𝑪
𝑪𝑪𝑪𝑪𝒂𝒂𝑴𝑴𝑪𝑪𝒎𝒎𝑪𝑪𝑴𝑴𝑴𝑴𝑪𝑪𝒂𝒂

𝑵𝑵/𝑨𝑨

Ter r est r ia l a cidif ica t ion 𝑺𝑺𝑪𝑪𝟐𝟐,  𝑵𝑵𝑪𝑪𝒙𝒙,  a nd 𝑵𝑵𝑪𝑪𝟑𝟑 𝒈𝒈 𝑺𝑺𝑪𝑪𝟐𝟐 − 𝒆𝒆𝒆𝒆

Ecotox icity  potent ia l 𝑺𝑺𝑪𝑪𝟐𝟐,  𝑵𝑵𝑪𝑪𝒙𝒙 𝐞𝐞𝐞𝐞𝐞𝐞. 𝑪𝑪𝑪𝑪𝑪𝑪

Eutr ophica t ion potent ia l 𝑵𝑵𝑪𝑪𝟐𝟐
−,𝑵𝑵𝑪𝑪𝟑𝟑

−,𝑵𝑵𝑪𝑪𝒙𝒙,  
𝑵𝑵𝑪𝑪𝟑𝟑,𝒂𝒂𝒂𝒂𝒂𝒂 𝑷𝑷𝑪𝑪𝟒𝟒

𝟑𝟑−
𝒌𝒌𝒈𝒈𝑷𝑷𝑪𝑪𝟒𝟒

− − 𝒆𝒆𝒆𝒆

Envir onm enta l Im pa ct  
ca tegor ies

Em iss ion concer ns U nits

Envir onm enta l Im pa ct  Ca tegor ies  a nd Em iss ion Concer ns



R esea r ch Pr oblem
A comparison of perennial 
and annual forage 
cropping systems across 
environmental impact 
categories is needed.



R esea r ch O bject ives
 Conduct a system review.

 Novel classification of forage cropping system types: 

 Conduct a meta-analysis.
 Evaluate and compare environmental impacts across moderators:

BAU (business as usual), BAU-improved, AS (alternative or 
aspirational system), and DPCS (diverse perennial circular 
system).

(Number of years with perennials in crop rotation,   

Diversification, Crop life cycle, and Cropping system type).



Meta-Analysis Methodology
System a t ic r eview : 

(Screened: 778 
papers, Extracted: 12 

papers, and 47 
studies)

Classifications: 
Moderators

Meta-analysis : 
(Test for publication 
bias, Heterogeneity 
test, and Sensitivity 

analysis)



 
    

             

             

             

      e.    Ecotoxicity Potential 

      f.     Terrestrial Acidification Potential 

      g.     Eutrophication Potential 

           

                 

                  

                

            
              
            
            

              
                
              
              

            

              

            

   -61%    33   < 0.001 
   -93%    3     < 0.001 
   -79%    10   < 0.001 
   -16%    20      0.004 

   -65%    38   < 0.001 
   -72%    3     < 0.001 
   -69%    13   < 0.001 
  -53%     22   < 0.001 

  -30%     38   < 0.001 
  -43%     3     < 0.001 
  -36%    13    < 0.001 
  -10%    22    < 0.001 

  Effect size 

                                               Environmental impact decrease    Environmental impact Increase 

 
a. Fossil Energy Consumption 

      b.    Abiotic Depletion Potential 

      c.    Global Warming Potential 

      d.    Ozone Layer Depletion 

            

              

             

Change   n      P value 

   -1%      21       0.400 

   -2%      6        0.584 

   -1%      15      0.498 

   -57%    34   < 0.001 
   -47%    3     < 0.001 
   -59%    10   < 0.001 
   -92%    21   < 0.001 

   -4%      42   < 0.001 
   -4%      3     < 0.416 
   -1%      16   < 0.513 
   -6%      23   < 0.001 

   -43%    19   < 0.001 

   -44%    2     < 0.001 

   -36%    17   < 0.001 

            
              
            
              

            
              
            
            

            
              
            
            

    

                                                        

 R esu lt : 2-3 years and > 5 years with perennials perform better in reducing ozone 
layer depletion, ecotoxicity, terrestrial acidification, and eutrophication potential.



 
    

             

             

             

      e.    Ecotoxicity Potential 

     f.   Terrestrial Acidification Potential 

      g.     Eutrophication Potential 

        

             

            

             

          

          

          

            

            

            

          
            

          

  -42%   33   < 0.001 

  -33%   15   < 0.003 

  -50%   18   < 0.001 

  -61%   38   < 0.001 

 -63%   18   < 0.001 

 -59%   20   < 0.001 

 -22%   38   < 0.001 
 -23%   18   < 0.001 
 -20%   20   < 0.001 

  Effect size 

                                               Environmental impact decrease    Environmental impact Increase 

 
a. Fossil Energy Consumption 

      b.    Abiotic Depletion Potential 

      c.    Global Warming Potential 

      d.    Ozone Layer Depletion 

            

           

             

Change   n   P value 

   -1%    21     0.540 

  -0%    10     0.912 

   -2%    11     0.268 

   -78%   34  < 0.001 

   -78%   16  < 0.001 

   -78%   18  < 0.001 

   -4%     42  < 0.001 

   -3%     20  < 0.018 

   -4%     22  < 0.001 

  -38%    19  < 0.001 
  -36%    8    < 0.001 

  -38%   11   < 0.001 

          

          

          

          

         

         

         
         
         

    

                                                        

Due to the lack of heterogeneity, the expected significant environmental 
benefit of diversified systems over monoculture was not observed. 



     

             

             

             

      e.    Ecotoxicity Potential 

      f.     Terrestrial Acidification Potential 

      g.     Eutrophication Potential 

                                               Environmental impact decrease    Environmental impact Increase 
  Effect size 

           

                
                  
                

                

            
            

            
          

            
              

                 
                
              

           
             
           

-84%     33    < 0.001 
-67%     15    < 0.001 
-92%     1      < 0.001 
-17%     17       0.025 

-68%     38    < 0.001 
-68%     18    < 0.001 
-73%     1      < 0.001 
-51%     19    < 0.001 

-26%     38    < 0.001 
-31%     18    < 0.001 
-39%     1      < 0.001 
-11%     19    < 0.001 

 a. Fossil Energy Consumption 

      b.    Abiotic Depletion Potential 

      c.    Global Warming Potential 

      d.    Ozone Layer Depletion 

            

              

             

                                                        
    

Change   n      P value 

   -1%      21      0.250 
   -2%      8        0.343 
   -13%    1        0.004 

   -0%     12       0.797 

  -49%    34    < 0.001 
  -75%    15    < 0.001 
-46%    1      < 0.001 
-83%    18    < 0.001 

-4%      42    < 0.001 
-4%      18       0.014 
 3%      3         0.628 
-0%      1         0.920 
-4%      18       0.002 

-47%     19    < 0.001 
-52%     5      < 0.001 
-31%     14    < 0.001 

           
           
             
             

           
           
             
           

           
           
             
           

 Intercropping annual and perennial species significantly decreased abiotic 
depletion potential, ecotoxicity, terrestrial acidification, and eutrophication 
potential.



 

 

 

 

  

            
              
            

               
               

                
                   
                 
                     
                     
 

                    
                          
                      
                         
                         
 

                     
 

                       
                        
                          
 

       -89%     33   < 0.001       
       -92%     2     < 0.001       
       -43%     21    < 0.001       
   -24%     4         0.305       

   -36%     6         0.052       
 

-69%    38     < 0.001       
 -73%    3       < 0.001       
  -64%    21     < 0.001       

   -67%    8       < 0.001       
    -31%    6          0.002       
  

   -31%    38     < 0.001       
  

  -39%    3        < 0.001       
      

  -22%    21     < 0.001       
    -23%    8          0.011       
    -5%      6           0.452       
   

 

 

 

 

  

0%    21       0.870 
-6%    2         0.477 
-2%    11       0.210 

  2%    5        0.198 
  -2%    5        0.804 

 -47%  34    < 0.001        
  -46%   2     < 0.001        
  -90%   21   < 0.001        
  -74%   5        0.033        
  -52%   6        0.035        
 

  -3%    42     < 0.001        
     0%    5         0.758        
     -5%    21    < 0.001        
    -3%    9          0.155       
    -2%     7         0.440       
 

     -44%   19     < 0.001       
 

     -46%     9     < 0.001       
      -44%     5     < 0.001       
      -19%     5        0.058       
 

                       
                         
                        
                        

                        
 

                 
                    
                   

                      
                         
  

                    
  

                      
      

                   
                         
                            
   

 
   Overall 
   DPCS 
   AS 
   BUA – improved 
   BUA - control 

 DPCS recorded a 56%, 42%, and 34% more decrease in ecotoxicity, 
Terrestrial acidification and eutrophication potential, respectively, compared 
to BAU.



Conclus ions
 Perennial forages significantly reduce terrestrial acidification, ecotoxicity, and 

eutrophication compared with annual monocultures.

 Diverse perennial circular cropping systems (DPCS), especially with alfalfa, could 
improve environmental impact categories and are more sustainable than 
annual monocultures.

 Future research:

 Continue measuring and modelling emissions from cropping systems with increased 
perenniality and diversity

 Evaluate biodiversity above and below ground
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 Establishing alfalfa in intercropping with sunflower and sorghum to 

improve alfalfa yield and profitability. Award no. 2022-70005-38225.

 Fostering Resilience and Ecosystem Services in Landscapes by 
Integrating Diverse Perennial Circular Systems (RESILIENCE CAP).  
Award no. 2021-68012-35917

 Alfalfa management practices and their effect on arbuscular 
mycorrhizal fungi (AMF) populations- towards improving health, 
productivity, and sustainability of alfalfa production. Award no. 2019-
70005-30239. 

 CropSys-CAP- A novel management approach to increase 
productivity, resilience, and long-term sustainability of cropping 
systems in the northern Great Plains Award no. 2016-69004-24784
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         5%        21      0.543 

     -13%     22   < 0.001 

   -15%      5        0.234 

   -15%      9        0.040 
  -12%       7        0.103 

Effect size 

a. N⁰ of Years with Perennial in the Rotation 

b. Diversification 

                             Decrease in dry matter yield                            Increase in dry matter yield  
 

c. Crop Life Cycle 

         -42%     3        0.046 
    -2%       1        0.904 

        9%       20       0.296 

         -14%     19      0.003 

d. Cropping System Type  

      -1%        22      0.847 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

a. N⁰ of Years with Perennial in the Rotation 

b. Diversification 

c. Crop Life Cycle 

d. Cropping System Type  

Effect size 
                               Decrease in net energy of lactation    Increase in net energy of lactation 
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