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Project Rationale and Objective

Military land-use must be efficiently and cost-effectively monitored to assess conditions and trends in natural resources relevant to training/testing sustainability, ecosystem maintenance, and the timing and success of restoration efforts.  Ecological Indicators represent important land management tools for tracking ecological changes and providing early-warning detection of threshold impacts to prevent irreversible environmental damage.  The objective of this research is to develop Ecological Indicators based on ecosystem relevant criteria, multi-scale performance, and stress-response criteria, for the purpose of monitoring ecological changes directly relevant to biological viability, long-term productivity, and ecological sustainability of military training and testing lands. 
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Phase I: Technical Approach and Development of Ecological Indicator Guilds

Figure 1 illustrates our technical approach in this project to extract Ecological Indicator Guilds (EIGs) from a large set of Ecological Indicator (EI) Systems.  The ecological indicator criteria that were developed for this project and initially identified in our proposal are found in

Appendix I.
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Figure 1.  Technical approach for the identification of Ecological Indicators.

Phase I Research Summary

Research was conducted on nine research sites in the Fall-Line Sandhills at Fort Benning, Georgia.  All sites were located in adjacent watersheds, and possessed very similar physiography (upland sandhills), vegetation (mixed pine-hardwood forest), soils (sandy loam), and history (pre-1940s agriculture).  Three sites each were classified into HIGH, MEDIUM, and LOW disjunct disturbance classes (Appendix II).  High sites were characterized by current extensive mechanized infantry training activities employing tracked and wheeled tactical vehicles, foot soldiers, bivouacs, and associated support elements.  Medium sites experienced past military training activities, but are currently used primarily by foot soldiers.  Low sites show no evidence of mechanized military training activities, and only experience light foot traffic.  Over 100 Ecological Indicator Systems in six general ecological categories were considered, 32 were selected for field evaluation in 2000 through 2002, and six were identified as promising for validation in Phase II research (Table 1).  
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Table 1.  Selection of Ecological Indicator Systems for field evaluation from six general ecological classes.  Note that six Ecological Indicator Systems were identified as promising based on the results of discriminant analysis.  
Discriminant Analysis was used on the selected EI Systems to extract a reduced subset of weighed variables for each EI System that maximized the separation of the three disturbance classes in multivariate space.  Therefore, EIGs are classes of Ecological Indicator System variables expressing a similar response to disjunct land-use disturbance classes.  In our research design, guilds represented suites of environmental variables or species groups explicitly characterizing the landscape disturbance gradient.  The six identified EIGs (Table 2) are: 

1) Habitat Characterization (physiognomy and soil physical properties), 2) Ground Cover (floristics), 3) Ground Ant Communities, 4) Microbial Communities, 5) Soil Chemistry, and 6) Nutrient Dynamics and Leakage. 

	Ecological Indicator System
	Original Number of Variables 
	Ecological Indicator Guild1

	Habitat Characterization
	23
	2

	Ground Cover
	126
	9

	Ground Ant Communities
	48
	6

	Microbial Communities2
	5
	5

	Soil Chemistry3
	5
	3

	Nutrient Dynamics & Leakage
	12
	7


1Number of minimum variables extracted by discriminant analysis capable of distinguishing the three disturbance classes.

2The Microbial Communities EIS requires additional analysis using individual substrate microbial functional responses.  The current analysis was carried out using “Total Activity” and “Substrate Utilization Diversity” for both bacteria and fungi.

3The Soil Chemistry EIG led to the development of an Ecological Indicator based on “Soil Mineralization Potential” that was independent of the discriminant analysis.
Table 2.  Development of Ecological Indicator Guilds (EIGs) from Ecological Indicator Systems using discriminant analysis.  Note the significant reduction in the number of variables for most analyses.
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Soil A-Horizon Depth and Soil Compaction were identified as not only the most important components of the Habitat EI System, but they also possessed more discriminating power than any of the other derived Ecological Indicators.  The first Discriminant Function (DF1) of the Habitat EIG, heavily weighed by these two variables, effectively separated the three disturbance classes in discriminant space (Figure 2). 

The Ground Ant Communities were also important in distinguishing among the three disturbance classes.  However, in this case DF1 and DF2 were both required for the complete discrimination (Figure 2b).  DF1 separated the High sites from the less disturbed sites, and DF2 separated Low from Medium sites.  Six species were important in the discrimination.  Dorymyrmex smithi was highly negatively correlated with DF1, while Paratrechina parvula and Aphaenogaster floridana were highly positively correlated.  In the case of DF2, Leptothorax texana was highly positively correlated, while Camponotus castaneus and Solenopsis molesta were highly negatively correlated.  The discriminant analysis clearly illuminated the relationship between habitat disturbance and ant species community composition.  D. smithi was a dominant species (87% of individuals) and strongly characteristic of the High disturbance sites.  Nevertheless, when this species was excluded from discriminant analysis, the results did not differ substantially.  This was due to the two species in DF1 that were associated with less disturbed sites contributing more significantly to discriminant scores when D. smithi was removed.  Of course, the removal of the dominant did not affect DF2, because of its low contribution to this axis.     
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Figure 2b.  Discriminant analysis results of Ground Ant Communities EI System with 28 species in the analysis.  Rare species (N=20) were excluded from the analysis.  Six species were important in the discriminate analysis. 

Soil Mineralization Potential appears to be an important Ecological Indicator derived from the Soil Chemistry EI System independently from discriminant analysis (Figure 2c).  Note that ammonium (NH4) characterizes Low disturbance sites, while High sites are characterized by nitrate (NO3).  Medium sites were intermediate in their ammonium/nitrate ratio.  This Ecological Indicator suggested that the M2 site was the most disturbed Medium site.
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All field data collected between 2000 and 2002 at the nine original sites are still being analyzed and modeled for discovering additional interrelationships.  This is particularly relevant for the Microbial Communities EI System.   

Figure 2c.  Soil Mineralization Potential for soil samples incubated in the laboratory for four weeks.  

Phase II.  Validation of Ecological Indicator Guilds, Initial Results   

Forty research sites were selected in April-May 2003, including the original nine, to represent the full range of upland habitats at Fort Benning: levels of military training disturbance, upland forest community types, and Fort Benning’s “Unique Ecological Areas”.  The selection of these sites was based on eight GIS databases, site criteria and data from other SEMP research teams, and extensive field ground-truthing.  Four perpendicular 100 m long transects with a random orientation were centered on each site.  Plot size was 4-hectares.  Field data were collected in a systematic-random design along each transect.  Each of the 40 sites were ranked in the field by visually assessing habitat disturbance related to military training activities on an ordinal scale of 1 to 10.  For consistency, the same individual (Team PI) did all the rankings, and rankings were conducted before field data were collected.  The most pristine habitats were rated “1”, while “10” indicated the most severely degraded.  Field data were collected on the following Ecological Indicator Guilds:  1) Habitat Characterization (physiognomy and soil physical properties), 2) Ground Cover (floristics), 3) Ground Ant Communities, 4) Microbial Communities, 5) Soil Chemistry (including soil mineralization potential), and 6) Developmental Instability of the perennial forb Tred-Softly (Cnidoscolus stimulosus).
The 40 sites were classified into upland forest community types on the basis of tree species basal areas, using Hierarchical Agglomerative Cluster Analysis employing Ward’s criterion and squared Euclidian distance as the similarity metric.  This procedure has desirable properties.  Independently, Nonmetric Multidimensional Scaling ordination was also performed on the tree species basal area data to disclose potential environmental gradients in the research sites, and to graphically display the results of the Cluster Analysis (Figure 3).
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Figure 5.  Canopy Cover
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Ten forest communities were identified with cluster analysis, and this result was used to delineate seven forest communities in the NMS ordination of the 40 sites.  Note that three pine-hardwoods mixed forests (H) were closely clustered in the ordination.  The first NMS axis represents a long gradient in basal area, clearly separating the highly disturbed sites (A) with low basal areas from the mature stands of Longleaf Pine Forests (F) on opposite ends of this gradient.  The second axis represents a landscape moisture gradient, ranging from the Oak-Hickory Mesic Deciduous Forest (B) to Xeric Scrub Oak – Pine Savannas (G). 
Soil A-Horizon Depth (cm) and Soil Compaction (Lang units) variables were each scaled such that the site with the deepest A-horizon or least compacted soil was scored a “100”, while the other sites were scaled proportionately.  The “Soil Ecological Indicator” was simply the sum of these two scaled variables divided by two.  One-way Analysis of Variance (ANOVA) was used to test the significance of habitat, soil chemistry, and microbial variables among the 10 ordinal disturbance classes.  Table 3 presents the ANOVA results of Habitat, Soil Chemistry, and Microbial variables with Disturbance Class as the treatment.  Note that when all 10 Disturbance Classes were used, all Habitat variables, Ammonium (but especially the NH4/NO3 ratio), Soil Organic Content, and Bacteria Functional Diversity were significantly different among the Disturbance Classes.  This was primarily attributed to the High disturbance sites, because 
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Table 3.  One-Way ANOVA results of Habitat, Soil Chemistry, and Microbial variables with Disturbance Class as treatment.  NS indicates NOT SIGNIFICANT values of P.

MBC = Microbial Biomass Carbon,  FTA = Fungal Total Activity,  FFD = Fungal Functional Diversity,

BTA = Bacteria Total Activity,  BFD = Bacteria Functional Diversity  

when these were excluded from the ANOVA analysis, only Soil Ecological Indicator, Soil Compaction, and the NH4/NO3 ratio were significantly different among the remaining 31 Low & Medium sites.  There was no significant difference among Low and Low/Med sites (N=18) for any of the variables examined.  
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The environmental variables that were significant in the ANOVA results were plotted against the 10 disturbance classes: Soil Properties (Figure 4), Canopy Cover (Figure 5), Basal Area (Figure 6), NH4/NO3 ratio (Figure7), Soil Organic Content (Figure 8) Bacteria Functional Diversity (Figure 9).

[image: image18.emf]Figure 6.  Basal Area

1 2 3 4 5 6 7 8 9 10

0

5

10

15

20

25

30

sqm/ha

(3) (3)

(3)

(3) (3)

(3)

(4)

(6)

(7)

(5)

Disturbance Class (1=Least, 10=Most, Disturbed)

Low Soil Comp.

Deep Soils

High Soil Comp.

Shallow Soils


[image: image19.emf]Figure 7.  Ammonium - Nitrate Ratio

1 2 3 4 5 6 7 8 9 10

0

1

2

3

4

5

6

7

8

9

10

(3) (3)

(3)

(3) (3)

(3)

(4)

(6)

(7) (5)

Disturbance Class (1=Least, 10=Most, Disturbed)

Low Soil Comp.

Deep Soils

High Soil Comp.

Shallow Soils

NH

4

/NO

3


[image: image20.emf]Figure 8.  Soil Organic Content
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[image: image21.emf]Figure 9.  Bacteria Functional Diversity
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[image: image23.emf]Figure 10.  Species Abundance Curves for ants in pitfall 

traps (2000-2002).  Each curve represents a site in a 
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The “Soil Ecological Indicator” (SEI) derived here appears to be a reliable and robust indicator of landscape condition – from relatively pristine mesic deciduous forests and xeric scrub oak – pine savannas to very severely disturbed military training landscapes.  The SEI clearly “predicted” the continuous disturbance gradient represented by the 10 ordinal disturbance classes (Figure 4, Spearman’s rho two-tailed nonparametric rank bivariate correlation, -0.85, P<0.001).  With the exception of the discrepancy between disturbance classes (DC) 3 and 4, A-Horizon Depth also closely followed the disturbance gradient.  Soil Compaction, in general, followed the disturbance gradient, but there were a number of deviations.  DC-2 sites were “too compacted” contrasted to DC-3, DCs-4 and 5 were similar, as were DCs 6, 7, and 8.  The observed “discrepancy” could be attributed to soil texture, specifically clay content.  Clayey soils tend to display more compaction at any given level of disturbance.  This is currently being analyzed.  Future “adjustments” to this base SEI metric will include corrections for soil texture, particularly clay content.  Importantly, the SEI is practical and economical to measure and derive, possesses biological interpretation, and has direct and obvious strong relationships to ecological processes.

Based on our current state of analysis, the five other environmental variables evaluated along this disturbance gradient (Figures 5 through 9), were not effective at tracking landscape degradation, unless the disturbance was very severe.  However, Basal Area showed a reasonably consistent declining trend from the Medium sites (DC-5) to the most severely disturbed sites (DC-10).  A great deal of additional data analysis and further multivariate modeling remains before the data from these 40 sites are fully evaluated and understood.
Ant Communities: Additional Phase I Results

Ant diversity and abundance was assessed among the nine sites.  Because measures of diversity and abundance are often highly correlated, we used a principal components analysis to reduce five correlated variables to a smaller number of uncorrelated variables.  The first principal component (PC1) contrasted sites with high species diversity, high equitability, and small numbers with sites having low species diversity, low equitability, and large numbers (Table 4).  

Figure 10 shows species abundance curves for the Ant Communities.  This graphic clearly demonstrates the lack of equitability at the highly disturbed sites.  


------------------------------------------------------------------------------------------------------------------------------------ 




 Pitfall Traps 

       Sweeps 

     Arboreal



             -------------------- 

------------------  

------------------

Variables 

PC1 
PC2 

PC1 
PC2 

PC1 
PC2

------------------------------------------------------------------------------------------------------------------------------------

Number of species (S) 
0.805 
0.488 

0.866 
0.323 

0.890 
0.192 

Number of individuals (N)    -0.670 
0.658 
               -0.235 
0.954 
               -0.344 
0.916


Simpson’s Index (D)             -0.931 
0.145 
               -0.948      -0.080
               -0.931 
-0.181 


Shannon-Weiner Index (H’) 
0.961 
-0.046 

0.955 
0.150

0.960 
0.193

Species Richness (R) 
0.940 
0.242 

0.852      -0.322

0.838 
-0.248 


-------------------------------------------------------------------------------------------------------------------------------------

Percent of Variance 
75.21 
15.05 

66.83 
22.96 

68.00 
20.15

-------------------------------------------------------------------------------------------------------------------------------------

Table 4.  Principal components analysis of diversity and abundance indices based upon pitfall and arboreal samples (2000-2002).  Values are the loadings on the first two principal components (PC1 and PC2).

We used canonical correspondence analysis to examine variation in community composition.  CCA is a direct ordination technique that relates species to underlying environmental gradients.  Figure 11 is a CCA biplot, which shows environmental vectors (arrows) and the site scores.  On the right side of the plot are sites having compacted soils and much bare soil.  On the left side of the plot are sites having deep soils and much tree cover.  The three highly disturbed sites fall on the right side of the graph.


Plant Physiological Responses: Phase I Results

Fire has a profound effect on both developmental instability and photosynthesis.  Net photosynthesis increased with disturbance if sites were burned the previous year for Rhus copallinum (Figure 12) and Ipomoea pandurata (Figure 13), and developmental instability increased with disturbance and burning for Rhus (Figure 14).
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Figure 12.  Net photosynthesis for Rhus copallinum increased with disturbance and burning.  Error bars represent 95% confidence intervals.
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Figure 13.   Net photosynthesis for Ipomoea pandurata increased with disturbance and burning.  Error bars represent 95% confidence intervals.
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Figure 14.  (A) PC1 reflects the magnitude of developmental instability as all variables had positive loading scores.  Note that PC1 increases with disturbance when sites have burned the previous year.  (B) PC2 reflects the pattern of developmental instability across the main vein.  This type of asymmetry peaked at Medium disturbance sites in the absence of burning.  Burning clearly alleviated this stress at these sites and altered the pattern of developmental instability. Error bars represent 95% confidence intervals.

Transpiration decreases with burning for Rhus copallinum (Figure 15).
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Figure 15.  Transpiration of Rhus copallinum decreased with burning.  Error bars represent 95% confidence intervals.

Cnidoscolus stimulosus appears to be the best indicator of disturbance as the magnitude of developmental instability reflected in PC1 increased with disturbance in both years for which we have data (Figure 16).  Additionally, it appears to be unaffected by fire.


[image: image7.wmf]Disturbance Level

High

Medium

Low

PC1

.4

.2

-.0

-.2

-.4

-.6

Year Collected

       2000

       2002


Figure 16.  PC1 reflects the magnitude of developmental instability and increased with disturbance, whether or not a site was burned.  Burning clearly reduced developmental instability at all disturbance levels.  Error bars represent 95% confidence intervals.
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