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Crossbreeding Efficiency Index in German Brown x N’Dama Cattle : The Potential Genotypic Crossbred(s) Under Tropical Conditions


Abstract
Genetic architecture of production and reproduction traits in cattle crossbreeding can be understood through additive, dominance, and recombination effects, enabling the development of efficient and climate-resilient breeding strategies such as the Crossbreeding Efficiency Index (CEI) for optimizing productivity and adaptability in tropical systems.The aim of the study was to evaluate the reproductive and productive efficiency of different genetic groups of German brown x N’dama crossbreeding using a Crossbreeding Efficiency Index (CEI). The objective was to identify the optimal level of crossbreeding between N’Dama (indigenous) and German Brown (exotic) cattle for improved performance and adaptability. A total of 2114 records of mortality, productive and reproductive traits from crossbreds and purebred German Brown and N'Dama collected from the crossbreeding programme at the University of Ibadan, Nigeria, between 1970 and 1988 were analysed  using General Linear Model (GLM) procedure to obtain least squares means for each genetic group while adjusting for non-genetic fixed effects of sex of calf, season, year of birth, and parity.Top of Form
Bottom of Form
 The traits (mortality, calving rate, age at first calving, calving interval, birth weight, 12-month weight, average daily gain, milk yield, and lactation length) were standardized for comparability for variables measured in different units, then weighted according to their relative importance and aggregated to compute CEI for each genetic group. The results showed clear variation in efficiency among genotypes. The F1 (½ German Brown × ½ N’Dama) recorded the highest CEI (1.945), followed by ¼ German Brown × ¾ N’Dama (1.875) and F2 (1.789). The German Brown purebred ranked fourth (1.658), while 5/8 German Brown × 3/8 N’Dama (1.474) and ¾ German Brown × ¼ N’Dama (1.059) showed reduced efficiency. The N’Dama purebred had the lowest CEI (1.000), serving as the baseline. The superior performance of F1 and ¼ German Brown × ¾ N’Dama reflects the balance between productivity and environmental adaptability, while the decline in F2 and higher-grade exotic crosses indicates recombination loss and reduced fitness under tropical conditions. In conclusion, the study demonstrates that optimal cattle performance in the tropics is achieved in F1 and ¼ German Brown × ¾ N’Dama (backcross genotype). These findings highlight the progressive decline in CEI with increasing German Brown inheritance, which suggests the presence of an optimal genetic threshold (50–75% indigenous genes) beyond which adaptability declines faster than productivity increases. 
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Introduction
The understanding of genetic architecture of production and reproduction traits is fundamental to designing effective breeding strategies.  In quantitative genetics, phenotypic variation is partitioned into additive genetic effects, which represent the average, heritable contribution of alleles, and non-additive effects, including dominance and epistatic interactions, which underlie heterosis (Falconer and Mackay, 1996; Dickerson, 1969; Makouanzi Ekomono and Vigneron 2022). Additive effects determine the response to selection within breeds, whereas dominance and epistasis account for deviations from mid-parent performance in crossbred populations. Consequently, balancing additive (selection) and non-additive (crossbreeding) effects is central to the design of any crossbreeding programme.
Crossbreeding is widely used as a strategic approach to improve cattle productivity in tropical environments by combining the adaptability of indigenous breeds with the superior performance of exotic breeds.  N'Dama cattle are well adapted to tropical conditions, exhibiting resistance to heat stress and endemic diseases, whereas Brown Swiss (German Brown) cattle are characterized by superior growth and milk production but reduced tolerance to tropical stressors (Odubote and Ikhatua, 2001; Marchioretto at al. 2023). This has led to various studies of the benefit of crossbreeding in Nigeria (Amakiri et al. 1979; Mbap and Ngere 1991; Esien 2003; Odifa 2023; Adejoh et al. 2025; Nwachukwu et al. 2025; Nwosu 2025a, 2025b, 2026a, 2026b, 2026c) without insight to the genetic cause of such outcomes for breeding knowledge and policy direction.
In such breeding efforts, the genetic response to crossbreeding can be partitioned into additive, dominance (heterosis), and recombination effects, providing insight into the underlying genetic mechanisms and enabling rational crossbreeding design (Dickerson, 1969; Cunningham and Syrstad, 1987).  This framework facilitates the development of crossbred populations that optimally balance additive merit and heterotic advantage.  Mortality and reproductive traits are often more strongly influenced by additive genetic effects, whereas growth and milk production traits typically exhibit substantial heterosis (Georges et al. 1995; Elsheikh et al. 2008; Ayalew et al. 2026).
Despite these underlining classical and modern theories of the genetic cause of improved performance through crossbreeding, relatively few studies have simultaneously evaluated multiple traits across purebred, F1, F2, and advanced backcross generations under West African tropical conditions. Furthermore, integrating these traits into a single Crossbreeding Efficiency Index (CEI) provides a comprehensive measure of crossbreeding benefit by accounting for productivity, survival, and reproductive efficiency (Dickerson, 1973). The CEI offers a clear advantage over traditional evaluation methods by providing a holistic and quantitative framework that combines production, reproduction, growth, and fitness traits into a single index. Unlike single-trait or unweighted assessments, CEI enables balanced selection, improves comparability across genetic groups, and supports more sustainable and context-specific breeding decisions, particularly in tropical environments where adaptability is as critical as productivity.
This adaptation and productivity balance is critical for breeding purposes since climate change is increasingly affecting livestock systems through heat stress, feed scarcity, and disease pressure, thereby necessitating the development of adaptive and resilient genotypes suited to harsh environments (Ateba et al. 2024). At the same time, demand for animal-source foods is rapidly increasing due to population growth, urbanization, and rising incomes, particularly in developing regions (FAO 2026). In addition, is reported that livestock systems contribute significantly to global food security by providing about 34% of dietary protein while also playing a key role in climate adaptation and resilience (FAO, 2017). However, the sector must balance productivity with environmental sustainability, as it is also a significant contributor to greenhouse gas emissions, highlighting the need for efficient, climate-smart breeding strategies (Thornton et al. 2024). Therefore, improving biological efficiency through optimized crossbreeding is crucial for achieving sustainable and climate-resilient livestock production systems.
Therefore, this study aims to provide this missing link by providing estimates of additive, dominance, and recombination effects for nine key survival, reproductive, and productive traits, and to develop a CEI to guide optimal breed composition for sustainable dairy production in Nigeria, with particular emphasis on the German Brown x N’Dama crossbreeding program.
Materials and Methods
Animals and Genetic Groups
Data for this study were obtained from a structured crossbreeding based on the Dickerson two-breed model, involving German Brown (GB) and N’Dama (ND) cattle maintained under tropical conditions at the University of Ibadan, Nigeria (Nwosu, 1995; Dickerson, 1969).  The design incorporated F1  production, inter se mating, and backcrossing to enable the estimation of additive, dominance (heterotic), and recombination genetic effects. The period covered was between 1970 – 1988 providing historical data that are valuable because they capture long-term genetic trends and adaptation across generations, which short-term studies cannot provide. This strengthens the reliability of evaluating crossbreeding performance. The findings remain relevant to modern tropical systems, including Indonesia, by informing climate-resilient and sustainable breeding strategies. 
All cattle were managed under a uniform system of grazing with supplementary feeding, while routine health care and breeding records were maintained as described by Nwosu (1995).
Table 1: Total number of records for each genetic group
	S/NO
	GENOTYPE
	No of RECORDS

	1
	Pure N’Dama (ND)
	309

	2
	¼ GB x ¾ ND (Backcross of F1 males to ND females)
	310

	3
	F1 (1/2 GB x ½ ND)
	304

	4
	F2 (Inter mating of F1)
	169

	5
	5/8 GB x 3/8 ND (Backcross of ¾ ND males and GB females)
	191

	6
	¾ GB x ¼ ND (Backcross of ¾ ND males and GB females)
	202

	7
	Pure German Brown (GB) 
	629

	TOTAL
	
	2114


 
Traits Evaluated
Nine performance traits were analyzed, which include:
1.	Mortality (%)
2.	Calving Rate (%)
3.	Age at First Calving (AFC in months)
4.	Calving Interval (CI in months)
5.	Birth Weight (BW in kg)
6.	12 – Month Weight (12-MWT in, kg)
7.	Average Daily Weight Gain (ADG in g)
8.	Milk Yield (MY in kg/lactation)
9.	Lactation Length (LL in days)
Statistical Analysis
Data on performance traits were analyzed using the General Linear Model (GLM) procedure to obtain least squares means for each genetic group while adjusting for non-genetic sources of variation. The model included sex of calf, season, year of birth, and parity as fixed effects. Differences among means were tested at the 5% probability level (P < 0.05). Where significant effects were detected, means were separated using appropriate multiple comparison procedures for least squares means.
To ensure comparability across traits measured in different units, least squares means were transformed into dimensionless standardized values (Sᵢⱼ) using ratio-based standardization relative to the N’Dama baseline. The Comprehensive Efficiency Index (CEI) was computed as a weighted sum of standardized trait values:
CEI = ∑ⱼ₌₁ⁿ wⱼ Sᵢⱼ
where wj​ represents the relative weight assigned to each trait and ∑wj ​= 1. Trait weights were assigned based on biological and economic importance in tropical production systems.
Lastly, CEI values were used to rank genetic groups in descending order of overall efficiency, providing a robust multi-trait framework for evaluating crossbreeding performance under tropical conditions. The standardization, weight allocation and CEI computation are explained below.

Selected Standardization Procedure
To enable the combination of reproductive and productive traits measured in different units and scales to be comparable, values for all traits were standardized prior to the construction of the combined economic index (CEI) using the ratio-based standardization. Ratio-based standardization was adopted because it provides a biologically interpretable, unit-free comparison relative to a control breed, allowing direct assessment of proportional performance differences in genetic evaluation studies (Falconer & Mackay, 1996; Hazel, 1943). Unlike z-score standardization or min–max scaling, which are primarily statistical transformations, ratio-based scaling preserves biological meaning and is commonly used in livestock index construction and crossbreeding evaluation. This approach enhances interpretability by expressing traits as relative superiority or inferiority to a baseline genotype, thereby improving decision-making in breeding programs (Hazel, 1943; Dekkers & Gibson, 1998). Each trait was standardized relative to the N’Dama baseline (control), as:
		Sij = Xij / XND
where: 
Sij = standardized value of trait j for genetic group i
Xij = observed mean of trait j for genetic group i
XND = corresponding mean for N’dama
For traits where lower values are biologically desirable (e.g., mortality, age at first calving, calving interval), the reciprocal transformation was applied prior to standardization to maintain directional consistency (i.e., higher values always indicate better performance). The working is shown below:
Applying the Standardization procedure using N’dama as baseline taking from Table 2, we have using F1 figures in Table 2:
· Milk yield: S = Xi/X
· ND = 500kg
· F1 = 1349.30kg

S = 1349.30/500 = 2.7, which clearly shows F1 was 2.7 times better than ND
For Mortality rate: S = X/Xi
S = 22.74/9.57 = 2.38, which clearly shows: F1 was 2.38 times better than the N’dama. Hence, the two traits have dimensionless standardize indices and can be compared.
The N’Dama cattle population was used as the reference genetic group for standardization because it represents the locally adapted indigenous breed under prevailing environmental and management conditions.  This approach is consistent with quantitative genetic principles that recommend the use of a baseline or control population for comparative evaluation of genetic groups (Falconer & Mackay, 1996; Cunningham & Syrstad, 1987).  In addition, indigenous breeds are widely recognized as appropriate reference population in tropical livestock system due to their adaptation to local production environments (FAO, 1990a; Rege, 1998).
Consequently, a standard lactation milk yield of 500kg was adopted based on reported performance ranges for N’Dama cattle (Agyemang et al.  1990; FAO 1990a, 1990b; Payne, 1970) in the absence of lactation record. In contrast, a lactation length of 180 days was selected as a standardization parameter to enable uniform comparison across genetic groups, reflecting the effective milking or milk extraction period under traditional management systems.  Under such conditions, calves are allowed to suckle, and only a proportion of the total milk produced is available for measurement (Agyemang et al. 1991), with milking practices often characterized by partial extraction and variable utilization of the lactation (FAO 1990a, 1990b). Moreover, given that lactation milk yield is positively and often significantly correlated with lactation length (Agyemang et al. 1991; Rege at al. 1994; Rege 1998; Demeke et al. 2004), the use of a fixed lactation period helps minimize bias associated with differences in lactation duration across genetic groups.  Therefore, the 180-day period does not represent the full biological lactation length – which typically exceeds 300 days in N’Dama cattle – but instead provides a consistent and practical basis for comparative evaluation.  However, milk yield was not further standardized, as the reference values already reflect milk offtake under traditional systems, and additional adjustments would require assumptions that could introduce bias. The standard milk yield and lactation length adopted are shown in Table 2 below:

Table 2: Baseline lactation milk yield and lactation length for N’dama, ¾ GB x ¼ ND and 5/8 GB x 3/8 ND
	Trait
	ND baseline
	Comment

	Milk yield (kg)
	500
	Realistic tropical ND lactation yield

	Lactation length (day)
	180
	Realistic tropical ND lactation length



Economic Weight Allocation
Economic weights for the traits included in the combined economic index (CEI) were assigned based on their relative importance to productivity and profitability in a dual-purpose (meat and milk) production system under tropical conditions.  In the absence of detailed economic records, a pragmatic weighting scheme was adopted using informed judgment and literature guidance.
Greater weights were assigned to fitness-related traits such as mortality rate and calving rate due to their direct influence on herd survival and reproductive efficiency.  Moderate weights were allocated to age at first calving and calving interval, reflecting their impact on lifetime productivity. Among productive traits, 12-month weight, average daily gain, and milk yield were given higher weights because of their direct contribution to meat and dairy output, while birth weight and lactation length received relatively lower weights due to their comparatively smaller economic impact.
It was assumed that all traits contribute additively and independently to overall performance, and that the assigned weights reasonably reflect their economic significance within the production system.  This approach is consistent with established selection index theory, where economic weights are often approximated in the absence of precise market valuation data (Hazel, 1943).
The following economic weights were thus allocated based on the objective of developing dual-purpose (meat + milk) composite cattle that will have improve performance in a tropical system (Table 3):
Table 3: Allocated economic weights to the reproductive and productive traits
[bookmark: _Hlk227921104][bookmark: _Hlk227618798]Trait					Weight			Justification
Mortality				0.15				Survival is critical
Calving rate				0.15				Reproductive efficiency 
Age at 1st calving			0.10				Early maturity
Calving interval			0.10				Lifetime productivity
Birth weight				0.05				Less economic impact
12-month weight			0.15				Growth (meat value)
ADG					0.10				Growth efficiency
Milk yield				0.15				Major income trait
Lactation length			0.05				Supports milk yield
Total = 1.00
This weighting scheme ensures a balanced evaluation, avoiding overemphasis on production at the expense of survival and fertility.
Selection Index 
Total combined economic index (CEI) was constructed as a weighted linear function of the standardized trait values, expressed as:
[bookmark: _Hlk228611551]SI (CEI) = ∑ⱼ₌₁ⁿ wⱼ Sᵢⱼ
Where:
wj​ = relative weight assigned to trait j                                                                                                                              Sij​ = standardized value (or standardized score) of the j-th trait for the i-th genetic group.                      i = the genetic group (e.g., F1, N’Dama, ¾ GB × ¼ ND)                                                                                           j = the trait (e.g., mortality, milk yield, ADG)
In simple terms for each genotype, it is computed as:
SI (CEI)	=	0.15(Mort*) + 0.15(CR*) + 0.10(AFC*) + 0.10(CI*) + 0.05(BW*) + 				0.15(W12*) + 0.10(ADG*) + 0.15(MY*) + 0.05(LL*)
Where :
· SIE (CEI) = Combined Economic Index
· Mort* = standardized mortality rate (reversed scale)
· CR* = standardized calving rate
· AFC* = standardized age at first calving (reversed scale)
· CI* = standardized calving interval (reversed scale)
· BW* = standardized birth weight
· W12* = standardized 12 – month weight
· ADG* = standardized average daily gain
· MY* = standardized milk yield
· LL* = standardized lactation length
Computing CEI for F1
To standardize for Mort, AFC and CI, we then use ND/F1 
for CR, BW, 12MWT, ADG, MY and LL, we use F1/ND
CEI		=	0.15(2.38) + 0.15(2.44) + 0.10(1.27) + 0.10(1.27) + 0.05(1.08) + 					0.15(1.70) + 0.10(1.86) + 0.15(2.70) + 0.05(1.39)
			= 	1.95
The LSmeans for ND and F1 are from Table 5, standardization formulae specific to traits as stated above was used and the weight allocation from Table 3 above was applied. Hence the F1 CEI is as shown in Table 4 below.
Table 4: Computed CEI for F1
	ITEM DESCRIPTION
	MORT
	AFC
	CI
	CR
	BW
	12MWT
	ADG
	MY
	LL
	CEI SCORE

	N’DAMA (LSmean)
	22.74
	43.65
	15.97
	23.20
	20.87
	96.84
	210
	500
	180
	

	F1 (LSmean)
	9.57
	34.45
	12.60
	56.50
	22.60
	165.00
	390
	1349.30
	250.58
	

	STANDARDIZATION
	2.38
	1.27
	1.27
	2.44
	1.08
	1.70
	1.86
	2.70
	1.39
	

	WEIGHTING
	0.15
	0.10
	0.10
	0.15
	0.05
	0.15
	0.10
	0.15
	0.05
	

	CEI 
	0.36
	0.13
	0.13
	0.37
	0.05
	0.26
	0.19
	0.40
	0.07
	1.95




Genetic Parameters
To determine the genetic effects, the Dickerson (1969) two-breed model was applied using a full regression approach, with parameters estimated by the method of least squares within a general linear model framework as represented below:
Y = μ + a (2p – 1) + dH + rR + e 
where 
Y = LSMean of each genetic group
μ = the overall mean
a = additive effect associated with breed proportion (p)
d = dominance effect weighted by heterozygosity (H)
r = recombination effect associated with recombination coefficient (R)
e = the residual error. 
[bookmark: _GoBack]Results and Discussion

Table 5 below shows the least square means of the selected reproductive and productive traits.

Table 5: Estimates of LSMeans of the mortality, reproductive and productive traits
	Genetic Group
	GB gene proportion
	Mortality
Rate (%)
	Calving
Rate (%)
	Age 1st
calving (months)

	Calving 
Interval
(months)
	Birth
Weight
(kg)
	12-
Month
Weight
(kg)
	Average
Daily
Weight
Gain (g)
	Milk 
Yield
(kg)
	Length 
Lactation

	N’Dama
ND                                                   
	0.00
	22.74      ± 2.30b
	23.20   ± 2.67cd
	43.65    ± 0.87d
	15.97     ± 0.44bc
	20.87 ± 0.26a
	96.84 ± 1.49d
	210        ± 3.24d
	500*
	180*

	¼ GB x
¾ ND
	0.25
	7.17        ± 1.81a
	51.06  ± 3.36ab
	42.05    ± 0.90d
	12.01     ± 0.18a
	18.25 ± 0.25d
	111.50 ± 1.81c
	320        ± 5.19b
	1341.72 ±38.73b
	224.78   ± 6.49c

	F1 (½
GB x ½ ND)
	0.50
	9.57        ± 2.88a
	56.50  ± 3.14a
	34.45    ± 0.65bc
	12.60     ± 0.23a
	22.6    ± 0.63b 
	165.00  ± 5.22a
	390        ± 12.33a
	1349.30 ±25.50b
	250.58   ± 4.73b

	F2 (Inter 
se of F1
	0.50
	10.05      ± 3.87a
	50.20  ± 4.08ab
	36.77    ± 1.06c
	15.31     ± 0.38b
	20.80 ± 0.60c
	162.00 ± 6.13a
	380        ± 14.36a
	1192.22 ±30.78c
	230.49   ± 5.95c

	⅝ (GB x 3/8 ND)
	0.625
	9.13        ± 2.62a
	38.00  ± 3.44bc
	26.72    ± 0.60a
	11.41     ± 0.26a
	22.42 ±0.42bc
	112.00 ± 2.64c
	260        ± 6.13c
	500*
	180*

	¾ GB x ¼ ND
	0.75
	28.40  ±4.18bc
	21.54  ± 3.62d
	31.23    ± 0.87b
	15.91     ± 0.14bc
	25.45 ± 0.37a
	118.70 ±2.37bc
	240        ± 4.80cd
	500*
	180*

	German Brown (GB)
	1.00
	30.13      ± 2.25bc
	[bookmark: _Hlk227957903]36.03  ± 2.13bc
	40.12    ± 0.57cd
	15.85     
± 0.32bc

	28.70 ± 0.29a
	128.60 ± 1.92b
	270        ± 4.02bc
	2037.77 ±17.27a
	339.16   ± 5.23a


Column means with the same letter do not differ significantly (P>0.05).
± = Standard error of means
[bookmark: _Hlk228542248]*= Baseline realistic tropical N’dama lactation milk yield and length record used as standardized values for ND, ¾ GB x ¼ ND and 5/8 GB 3/8 ND which had few recorded lactation records; hence they were not used in the estimation (Table 3)

Genetic Effects
In Table 6 below, the additive, dominance, and recommendation effects for all nine traits are summarized.
[bookmark: _Hlk227945148]Table 6: Estimated genetic effects for nine traits in German Brown x N’Dama with SE of means
Trait			          µ		                a			   d		      r
Mortality (%)		    20.60±4.43**	         +3.70±1.23***	      -19.27±3.56**	+2.88±4,72**
Calving Rate (%)	    39.52±8.33**	         +6.42±0.45**	      +26.88±7.34**	-6.30±0.45**
Age at First Calving	    36.43±2.56**          -1.77±0.05**	      -7.44±1.22**	+2.32±0.19** (months)
Calving Interval 	    14.16±0.19**           -0.06±0.02**	      -3.31±1.55**	+2.71±0.44** (months)
Birth Weight (kg)	    22.73±2.78***         +3.92±1.62**	      -2.16±0.78***	-1.83±2.56**
12-Month Weight (kg)	    127.81±10.23**       +15.88±2.67***	      +52.28±2.69**	-3.00±1.22**
Average Daily Weight 	     295.71±16.23**      +30.00±5.78**	      +150.00±20.54**	-10.00±7.81** gain (g)
[bookmark: _Hlk227946268]Milk Yield (kg)		    1480.25±222.12**   +1018.89±113.10**  -339.59±91.59**       -157.08±55.87**
Lactation Length (days)	    261.25±23.60**        +169.58±68.12**      -89.00±25.34**        -20.09±10.59***
[bookmark: _Hlk227961158]** Significant (P<0.01)
*** Significant (P<0.001)
Furthermore, below in Table 7 is the computed standardized values for all the genetic groups.
Table 7: Standardized values of all 7 genetic groups rounded to 2 decimals.
	Genetic Group
	Mort*
	CR*
	AFC*
	CI*
	BW*
	W12*
	ADG*
	MY*
	LL*

	N’Dama (ND)
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00
	1.00

	¼ GB x ¾ ND
	3.17
	2.20
	1.04
	1.33
	0.87
	1.15
	1.52
	2.68
	1.25

	F1 (½ GB x ½ ND) 
	2.38
	2.43
	1.27
	1.27
	1.08
	1.70
	1.86
	2.70
	1.39

	F2 (Inter se F1)
	2.26
	2.16
	1.19
	1.04
	1.00
	1.67
	1.81
	2.38
	1.28

	5/8 GB x 3/8 ND
	2.49
	1.64
	1.63
	1.40
	1.07
	1.16
	1.24
	1.00
	1.00

	¾ GB x ¼ ND
	0.80
	0.93
	1.40
	1.00
	1.22
	1.23
	1.14
	1.00
	1.00

	German Brown (GB)
	0.75
	1.55
	1.09
	1.01
	1.37
	1.33
	1.29
	4.08
	1.88



The Crossbreeding Efficiency Index (CEI) was then determined for each genotype by combining the standardized values in Table 7 above and the weighted economic allocation (Table 3) thus generating the CEI ranking shown below in Table 8 below:
Table 8: Ranked Genetic Groups (CEI in descending order)
	Genetic Group
	CEI
	Ranking

	F1 (½ GB x ½ ND)
¼ GB x ¾ ND 
F2 (Inter-se)                           German Brown (GB)   
5/8 GB x 3/8 ND
¾GB x ¼ ND
N’Dama (ND)
	1.945
1.875
1.789
1.689
1.474
1.059
1.00
	1
2
3
4
5
6
7



The Crossbreeding Efficiency Index (CEI), derived from standardized trait values weighted by their relative economic and biological importance, revealed clear differences in overall performance among the genetic groups (Table 8). The CEI integrates fitness traits (mortality, calving rate), reproductive efficiency (calving rate, age at first calving, calving interval), growth (birth weight, 12-month weight, average daily gain), and production (milk yield, lactation length), thereby providing a holistic measure of biological and productive efficiency.
The F₁ (½ German Brown × ½ N’Dama) recorded the highest CEI (1.945), followed closely by the ¼ German Brown × ¾ N’Dama (1.875) and the F₂ (inter se F₁; 1.789). 
[bookmark: _Hlk227926041]The superior performance of the F₁ crossbred is consistent with the well-established concept of heterosis (hybrid vigor), where crossbred animals outperform the mid-parent average due to dominance and epistatic gene actions. This finding agrees with reports in tropical cattle systems that F₁ crosses between indigenous and exotic breeds often exhibit optimal balance between adaptability and productivity (e.g., Bosso et al. 1994; Rege et al. 2009). It also reflects the well-documented phenomenon of heterosis (hybrid vigour), where crossbreeding leads to improved performance relative to parental averages due to dominance and epistatic interactions (Falconer & Mackay, 1996; Lynch & Walsh, 1998), which usually reaches its maximum level in F₁ hybrid (Cunningham and Syrstad 1987; Fujimoto et al. 2018; Mai et al. 2021; Nagash et al. 2025)
[bookmark: _Hlk227925457]The high CEI observed in the ¼ GB × ¾ ND group further suggests that increasing the proportion of the adapted N’Dama genome while retaining some exotic inheritance sustains performance under challenging environments, particularly in traits related to survival and reproduction (Dickerson, 1969; Falconer & Mackay, 1996; Teshome et al. 2025). This supports the work of Agyemang and Rege (2004) that crossbreds involving N'Dama perform better in tropical systems due to adaptation productivity balance. Importantly, the high performance of the ¼ GB × ¾ ND relative to the F₂ genotype suggests that optimal breed composition may not necessarily be the F₁ generation, but rather a stabilized composite that balances productivity with environmental adaptation, particularly under low-input tropical systems (Smith, 1988; Cunningham, 1999).
[bookmark: _Hlk227931217][bookmark: _Hlk227927007]Although the F₂ generation maintained relatively high performance (CEI = 1.789), a decline relative to the F₁ was evident. This reduction is indicative of recombination loss, which arises from the breakdown of favorable gene combinations established in the F₁ generation (Falconer and Mackay, 1996; Benowicz et al. 2015). Similar declines in performance from F₁ to F₂ have been widely documented in crossbreeding studies involving tropical cattle, where non-additive genetic effects diminish in subsequent generations (Falconer and Mackay 1996; Dickerson 1973; Mrode, 2014). Despite this decline, the F₂ still outperformed most higher-grade exotic crosses, indicating some retention of hybrid advantage.
The German Brown (purebred) ranked fourth (CEI = 1.658), largely driven by its superior milk yield (4.08) and lactation length (1.88). However, its relatively lower performance in adaptive traits such as mortality (0.75) constrained its overall efficiency. This reflects the well-known limitation of temperate breeds under tropical conditions, where high production potential is often offset by poor adaptation to heat stress, diseases, and feed scarcity (McDowell 1985). This agrees with Cunningham (1987; Falconer and Mackay 1996) that additive variance drives selection response (Wientjes et al. 2022). It is consistent with the strong additive contributions observed in previous studies (Hayes et al. 2009; Mrode 2014; Bakac et al. 2022).
Intermediate crosses with higher exotic inheritance, such as 5/8 GB × 3/8 ND (CEI = 1.474) and ¾ GB × ¼ ND (CEI = 1.059), showed reduced overall efficiency. The decline in CEI with increasing German Brown proportion suggests that the loss of adaptive traits outweighs gains in production under the prevailing environmental conditions. This pattern supports earlier findings that upgrading beyond optimal levels of exotic inheritance may lead to reduced fitness and overall productivity in tropical production systems (Rege et al. 1994). It suggests that increasing exotic inheritance beyond an optimal threshold may compromise adaptation and reproductive efficiency under tropical conditions. This aligns with previous findings that excessive exotic inheritance can reduce fitness in harsh environments due to genotype–environment mismatch (FAO, 2010; Cunningham, 1999).
Furthermore, as the proportion of GB increases, additive merit improves (Hayes et al. 2009); however, heterotic advantages decline due to the breakdown of favorable gene combinations established in the F1 generation and the accompanying reduction in heterozygosity (Dickerson, 1969, Cunningham and Syrstad, 1987; Notter, 1996; Falconer and Mackay 1996; Zlobin et al. 2023, Medeiros et al. 2026). This trade-off is reflected in the gradual decline in CEI observed in advanced generations.to German Brown.
The N’Dama (purebred) recorded the lowest CEI (1.000), serving as the baseline for comparison. While N’Dama cattle are renowned for their trypanotolerance, disease resistance, and general adaptability, their relatively low growth and milk production limit their overall efficiency when evaluated across multiple production traits. Nonetheless, their genetic contribution remains crucial in crossbreeding programs aimed at improving resilience in tropical environments. This reflects its strong adaptation and disease resistance but limited production potential, which is consistent with its established role as a hardy indigenous breed in West African livestock systems (Agyemang et al. 1990; Agyemang and Rege 2004; Ibeawuchi et al. 2013) traits critical for sustainable crossbreeding programs (Notter 1996; Mrode 2014).
The superior CEI observed in the F1 and ¼ GB × ¾ ND genotypes confirms the non-linear relationship between exotic gene proportion and performance, rather than a simple additive improvement. While earlier interpretations emphasized heterosis alone, the present results suggest a more complex interaction involving genotype × environment adaptation.
For instance, although German Brown exhibited the highest milk yield, its overall CEI ranking was constrained by poor performance in fitness-related traits. This highlights a critical trade-off: high production potential does not translate to overall efficiency under tropical stress conditions. This observation aligns with established evidence that selection solely for production traits may reduce fitness and resilience.
[bookmark: _Hlk228539247]The decline from F1 to F2 generation cannot be attributed only to recombination loss; it may also reflect segregation of unfavorable gene combinations and loss of co-adapted gene complexes, which are essential under low-input systems. Therefore, the assumption that F2 performance simply represents reduced heterosis is an oversimplification. Similarly, the progressive decline in CEI with increasing German Brown inheritance suggests the presence of an optimal genetic threshold (50–75% indigenous genes) beyond which adaptability declines faster than productivity increases. 
Limitations
[bookmark: _Hlk228693456]This study is based on historical performance data, which, although valuable for capturing long-term genetic trends, may be influenced by incomplete recording, unmeasured management differences, and changes in environmental conditions over time. In addition, the economic weights assigned to traits in the CEI were based on biological relevance and literature-guided assumptions rather than dynamic market-driven valuations, which may introduce some degree of subjectivity into the index construction. Furthermore, although key environmental sources of variation such as season, year, sex, and parity were accounted for as fixed effects in the GLM, other potentially important factors—such as herd-specific management practices, nutritional differences, health status, and broader agro-ecological variations—were not explicitly modeled. These unmeasured factors may still contribute to residual variation and could influence the estimation of additive (a), dominance (d), and recombination (r) effects. Hence, these limitations should be considered when interpreting the results, and future studies incorporating contemporary datasets and environmental adjustment factors are recommended to refine the robustness of the CEI approach
Practical Application and Implications
For farmers: The findings suggest that maintaining or sourcing F1 crossbred animals (½ exotic × ½ indigenous) or moderate backcrosses (e.g., ¼ exotic × ¾ indigenous) would likely yield better overall performance than relying on pure exotic or high-grade crosses, particularly under low-input management systems. 
For breeders: The CEI would guide the design of structured crossbreeding schemes aimed at maximizing heterosis while minimizing recombination loss in subsequent generations. 
For policymakers and livestock development agencies: The index provides a scientific basis for promoting breed improvement programs that prioritize balanced genetic improvement, climate resilience, and production efficiency, rather than production alone. This is particularly important in tropical regions where sustainability and adaptability are critical constraints to livestock productivity.
Recent advances in animal breeding increasingly emphasize sustainability, climate adaptation, and efficiency-oriented genetic improvement rather than selection for production alone. Contemporary breeding strategies focus on developing livestock that combine high productivity with resilience to environmental stressors such as heat, disease pressure, and feed scarcity, which are becoming more pronounced under climate change (Barendse, 2017; Osei-Amponsah et al., 2019). Genomic selection and multi-trait indices are now widely promoted as tools to accelerate genetic gain while incorporating functional traits such as fertility, feed efficiency, and thermotolerance, which are essential for sustainable livestock systems (Dekkers & Gibson, 1998; Ateba Boyomo et al., 2024). In this context, the use of composite indices such as the CEI aligns with global efforts to develop climate-smart breeding programs that integrate adaptation and productivity in a single decision framework (FAO, 2017; Thornton et al., 2024).
Looking forward, future research should incorporate genomic information, environmental covariates, and real-time production data to improve the precision of selection indices such as CEI. This will enhance the development of cattle populations that are not only productive but also resilient to climate variability, thereby supporting long-term sustainable intensification of livestock systems in the tropics.
Conclusion
[bookmark: _Hlk227931536]The Crossbreeding Efficiency Index (CEI) results clearly demonstrate that the F₁ (½ German Brown × ½ N’Dama) and ¼ German Brown × ¾ N’Dama crossbreds achieved the highest overall efficiency. This superiority reflects the combined effects of heterosis (hybrid vigor) and the complementary strengths of the parental breeds—namely, the productivity of German Brown and the adaptability of N’Dama.
[bookmark: _Hlk227931771][bookmark: _Hlk227931707]The decline in CEI observed in the F₂ generation relative to the F₁ highlights the impact of recombination loss, where favorable non-additive gene combinations are partially broken down in subsequent generations in line with classical crossbreeding theory and modern empirical findings in livestock genetics, which emphasize the importance of tailoring breeding strategies to the underlying genetic architecture of specific traits.  Furthermore, the reduced performance of higher-grade exotic crosses (≥ 5/8 German Brown) underscores the limitations of excessive exotic inheritance under tropical conditions, where environmental stressors such as heat, diseases, and nutritional constraints demand strong adaptive capacity.
Conclusively, the findings confirm that optimal productivity in tropical livestock systems is achieved through a balanced integration of adaptation and production traits rather than maximization of a single component.
Recommendations
Adopt F₁ crossbreeding as the Primary Production Strategy: Production systems in the tropics should prioritize F₁ animals (½ exotic × ½ indigenous), as they consistently express maximum heterosis and superior overall efficiency. Where possible, structured mating systems should be maintained to continuously produce F₁ offspring rather than relying on inter se mating. 
Promote Backcrossing Toward Indigenous Breeds (e.g., ¼ GB × ¾ ND): In harsher or low-input environments, breeding schemes should favor higher proportions of indigenous genetics (≥ 75% N’Dama) to enhance survival, fertility, and resilience while retaining moderate productivity gains. 
Avoid Uncontrolled Upgrading to High Exotic Levels: Increasing exotic inheritance beyond optimal thresholds (e.g., ≥ 5/8 German Brown) should be discouraged in tropical systems unless supported by improved management (nutrition, health care, housing). Without such support, productivity gains are likely to be offset by increased mortality and reduced reproductive efficiency. 
Incorporate Multi-trait Selection Indices in Breeding Decisions: The use of composite indices such as CEI is recommended for decision-making, as they capture the multidimensional nature of productivity and adaptation better than single-trait selection. 
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